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Zusammenf assung

Mobile genetische El emente ( MGEs) wiTe alnnsspeorstoinosn s
mi t invertierten Wi ederholungen (MI TEs) k°nnen
Genome aus¢ben, i hr e Evol uti on besti mmen und (
Al l erdings verbleiben die meisten MGEs nicht f ¢

degenerieren entweder ¢ber die Zei't oder werden

Ni cht sdestotrotz k°nnen si e i n ander eRGT)i ni en
weiterexistieRANY-IyBODaemMREPt Nweitverbreitet in ba
unterscheidet sich von anderen MGEs in verschied

extrageni schen palindromischen Doppaealesit r( REtPU rNesn ,
und RBRBRoziier{fTemntypoesaisen (RAYTs). REPI Ns best e
zwei i nyeepetirtiemen Sequenzen, die durch eine Zw
charakteristische Haarnadel strakt (RINéAn biih denhnz é&lg
REPI Ns wurden schon vielf2ltige FHa&khéoinemi ebeca
RAYTs auf der anderen Seite verbreiten selten
Haushaltsgenen als typischen Transposasen. |I m Ko
REPIRMY-System ¢(ber | ange evolution@re Zeitr?&@ume i
dass HGT nur sehr selten auftrittRAYEs swiernd eh ynpeont
Fitnessvorteil fer den WiegtndeneMesthahl smedi si ni

verstanden.

I'n Kapitel 3 untersuche ich die-RAY-IYuttemn2uenell
Benut zung von Comput ePhyhbygese®ise deamoRAST fl uor e:
SBW25 und 2®Pswedbeadtelammen. Zudem habe ich-den Hi

(huwtocus in diesen Genomen untersucht, um REPI Ns
Diese Analysen enth¢llten, dass HGT wvon RAYTs

AuCerdem konnte ich zeigen, das6r RAydsambbzimebart
k°mm.eilmi gen F2l 1l en waren RAYTs, die in derselbe
mi t unt er schi eGrluipcpheenn aRsEPRIzN i er t | wa& hr end RAYTs
Lokalisation -GreppkbéeeREPEN. I nteressa8Bteflwense
inner haltbbutde s s i n den verschiedenen St 2 mmen s el
spezifisciotemquRBRIEN variierten und abh?2ngig von ¢
I n Kapitel 4 habe ich die funktihabhet e PBedeut
fluor eSEWNHhS untersucht . Zu diesem Zweck habe ic
konstruiert und ihr Wachstum und ihre relative [
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di esen Assays getestet, die keine RAYT mehr hatt
RHiwel ches #Awitddlen Thégesul tierte in einem inter
gRH zeigte eine verringerte relative Fitness ver
Konkurrenz, aber eine gesteigegPERRFaltness zai gipe
dass das HReEmhIrd chhei nl i ch dhuet tBExdpurtdTshg iuont evaoregel t
wahrscheinlich die-Dyenmahbd &khetne teerrk | Pdreatmwe esliskls eer rhaast ¢ hee
Del etion der RAYTs unter den getesteten Bedingu

Wachstum oder di e Fitness.

I n Kapitel 5 f¢ghrte ich ein Evolutionsexperi ment
volmutzh untersuchen, dessehuFaakds i wmkl angew hdal bZ wa
Popul ationen wurden fg¢gr ~200 Generationen i n Med
hutz einem Fitnessnachteil f¢hrt. | ber die Zeit
der relativen Fitness. Die Sequenzierung des ge
adaptiven Ver@nderungen mi t dem Yer | uBitof demb
zusammenhingen, was eher auf eine Anpassung an d

Ausgl eich f ¢r hdeéh@ nVdeeru tuestt. vibines | mpl i AiudnDtg htdass

einfach durch eine einzelne n¢gtzliche Mutation a
komplexe I nteraktionen involviert sein k°nnten.
Zusammengenommen liefern di ese Studi en neue Et
Dynami ken und der funkti oRrRRAYISeyrstRande utMen gr ed eEx gk
demonstrieren, dass individuelle REPINs die Ge]
mo d u Ini ekr®en n e n. Weitere Forschungsarbeiten sollte

Dynami ken d-& & Y-FR/ESR IeNns auf breiterer Ebene zZu
mol ekul aren Mechani smen auwufezruietctkeelnt,e ndiRee gdudri eRHk
l'iegen, umhdsseerdere funkhwliooncedsl eunRd | 4 eei ndeers r eg u |

Komponenten zu untersuchen.
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Abstract

Mobil e genetic elements (MGEs) such as insertio

repeat transposable elements (MITEs) can profoun

evolution and influencing bacterialt fitoemgmsin Ho
bacteri al genomes and either degenerate over tin
by the host. Nonet hel es s, they may ©persist i n
transfer (HGRAYTTIg sREM Ns widegemeank si rankda ati € if i
ot her MGEs in several ways. I't comprises repeti:H
hairpins (REPBhBNspciaamatdedREPyrosine transposases (

sist of two inverted yr eap esgpta cseerq uaenrdc € 0 rsre wairaa ta
ucturestnanddadchgDeA or RNA. For the REPI Ns, vV
been describedEsphetii chWHiRAYTg) iiinn turn, rarely d
throughout the gkaomeuaprlBeepsrgibgenes more than
I n contrast t o mosRAYMGEssy stteme pREBIIMtSs within

evolutionary timescales, and HGT is considered v

con

str

RAYT system persosv ibdeense fai tf itton t he host, but the mec

poorly understood.

I n Chapter 3, I i nvestigate theRAWTOIl Ut stommr ys idl
computational anal yses PafeutdlopeanoRAYT SBhWwal 6cegaenndyn Ri4n
addi tHsoenuad o neotnrassi ns. Additionally, | hrutamiooed 1 he

these genomes to identify and group REPI Ns. Thes
more frequent than previously assumed. Moreover,
more than one REPIN group. | n snoemeg echaosnei sc, rReAQYiTasn
associated with different REPIN groups, while RA
group. I nterestingly, six REPIN siteshwitcoeus, ghl
although the specifid REpéeNdBrqUencebhevRAYE pres

I n Chapter 4, I investigated t he f umudttoicaRalofsi gt
f 1l uor eSsBc\Vé2n5s. To this end, [ constructed several
growth and relative fitness. Additionall vy, strai
as wel | . Not abl y,RHGd eol ceatt i;eddnv neufi HRERIt Nlesul t ed i n

compl ex plyRthdoitsyppleaay ed decreased relative fitness
i n competition, but i ncreasg@@dCRgutame $ $ ataitvel arte
transcription pol yaealgei 8 halh oweHdiakcenlayw ndREWH rNe dRu |
thexpresshotnKéethut, Thlikely explaining the obser

N N



Surprisingly, del etion of the RAYTs had no det e
tested conditions.

|l cthapter 5, [ conducted an evolution experiment

hut Da gene of uncl elultofcuunsc.t giioaneptpyd ha ni ¢ e wer e e
for ~200 generatiomgtdien emednumawBersea fitness ¢
ti me, these popul ations showed agneniomrer esaesgeu einnc i I

revealed that mo st adaptive changes were relate
suggesting adapgtoatdii dr otnes g raad witehro nt hf aonr hcuchn@pTdhmossas o
i mpl i eaudtBh dtuncti on cannot easily be bypassed by

involve more complex interactions.

Toget her, these studies provide new insights in
rel evance o0RAYTHes ) \REPd M. My findings demonstrate
modul ate gene expression and bacteriedlucfiidtartees st.h
evolutionary dynaRAYTs soyfsttelme oRMEPRPA Noroader scal e,
mol ecul ar mechani smsmeudmncaerldyirmegguRBPI N n, and e

functionalhuhtotesoédantdhiets regulatory components.

Z
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Chapter 1 : | ntroducti on

1.1 Mobile genetic el ement s

Bacteri al mobile genantacverldymbnbad (MEEm) f or di
sequences that can jump within bacterial[ Hpnomes
These include, for exampl e, prophages, pl asmids,
el emdnit]sMGEs are part of almost every bacterium
of the ent[iZ]ePrgeemibaees al one can makeEupfEa@RBi 5 %
The MGEs can be divided into many different cate
properties of the MGEs. Properties that charact ¢
the sequences thatcaddedmmeiglaiptad mi &@m, bd 05 e waraan
hundred thousand ] [Hgdde tpairrasg iivre sainzde conjugati ve e
be | arger than 500 5Killno lcaosnd rpaasitr, sr e(pkabtap)t tr an s p 0 8
el ements (MITEs) are often on[$,a71ew hundred ba

A further di stinction between MGEs <can be made
independent!l y. The term "autonomous MGEs" refer
genes necessary for moduttoramowsn, MAbBeTr earse "nNlbooas

carry thegs2¢ Npamesnomous MGEs are moved 2dyNoawut ono
autonomous MGEs mai nl[2]iMlCclTlEwsd éh atvlee mMINlyEs t r uct ur e

the autonomous | S el ement s, byt8] tvHeNEs|I amak od hter
aut onomous MGE s can therefore onl vy be mobil i zeé
transpds8aslers the foll owing, the aut @amnudmawsoluS e
MI TEs are discussed in more detail

1.1.1 I S elements

I S elements are the most frequent transposabl e e
i n most bact ¢Ri,allDgesomay be due to their si ze,
autonomou9] TeEey wusually only havegkial chaged.0p ai~0s)
Their size also has to do with the fact that (S
i nformation flolrl]tOf@melmy mome Ithepwyhi sergquired for n

in somet besesare also other genes that are impor
is ofterd l2iblbrat hel es s, numer ous exceptions hayv
cases, the 1S el ement carioads n@d DINtAi oinna | a dgdeinteis

transposase and genes t[ha&t]Theeegncti tahcf oonmobi
genes is not always clear, but they may contain
genpig.2]

N O



ThéeéS el ements often consist ofn onolopf asEeoatdr, athesrpnoi:
inverted repeaf lideQluenicks dqn RBot h sides of the t
for recognizing an[dlic]dthtei ng atnbposlasmasntcan be ve
very diverse wit[hliznTheetfr &neslpeowmastesdi fferences,

a way of categorizing tHel2l Eorl emampse, ntbhegtoc
mechani sm can be differenil.2]plent wieoesnt tchaes elsS eal edniesn
made between | S el empasset mmigalsdwe me td@phhs nmt he

name suggestasn;d atshtee cnoepcynani sm copies the |'S el emi
di fferent | ocat i eann-d alsnt ec ommetcrhaasnti,s m hceu tcsuto ut t he
inserts it at a new positi ongenWhreant ei ndsierretcitn gt,a rng

(DRs) that flankKlihkredes&S BRema&me created by the
target DNA and making offset cuts, [whli]dheadeentgh é
of the DRs -14 (lpa we epriad2riss) characteristic of the
[ 1.1]

The transposition of IS elements requires DNA cl
strand transfer, whereby the |S el dmeitnigeneselt
many transposases of the IS elements (Tpases) ge

[ 1L.1]Al so, stelgaueddWeédc i fi ¢ binding activittyerinsi ngaelner
region of the transposase while the catatminal ce
enfil1]The |1 S el ements can be divided into diffe
according to which thdil2]Pramspesasamongtahegse
DEDD, HUH and Seffl2f ansposases

1.1.1.1 DDE, DEDD, Serine, and HUH transposases

The DDE transposases are named after thepconser\
and [Gl.a]The DDE transposases are similar to RNas:
and the conserved amino?fiacngd rneduidr edotrai aat iewa t\
[ 1.2]The transposasesO offort hiimsi tgiraolu pc lueseevadge and 3
[ 1.2]The DDE gr oup ansd vtehreyr el aarrgee al so many | S el €
motifs and transpwisti hiimnt[hhi€gd h@ama spns

DEDD transposases are also named according to th
acids Asp, Gl pul.2RpAspey amedarAstphe DEDD moti f, whi ch
Junction resolvgdgé@]leinkeg meh&ekudIE transposase, the
fol] 82]The transposition mechanism could occur Vvi
exact mechani sm i s not known because, among ot he
[ 1.2]

NI



Serine transposases aseeciifmid are daaommbsienrai snees stihtaet
nucl eophlilleca®NAgst f A.2Pdlsi ttl e i s known about, the 1t
but these transposases may) 1Rt]i lize circular inte

The HUH transposases are nalngeldhafst eronsheits KHWOH'
residues that are separ af &.@] boyg eat hheyrd rwipthho ba ct hriers
two histidine residues coordinate a divaheéeént met
The transposases also possess one or two tyrosi:

form an-DeNnMAzytmeanspositiidR2]Tme elrheeli ament familie:
HUH transposase include two | arge groups, the | S
[ 1.2]

1.1.1.2 1 S200/1S605 el ement s

The family of 1 S200/1S605 elements is widespread
of bacterial anpdlayTchea ela3 2 Gsp/elcI 65 el ement s have
tyrosine residue and are among the simadtllebldy i det
ami no [alcd]dihe | S200/ 1 S605 family also differs fr.
of its ofd8@8hkaratexample, the | S200/1S605 el ement

sequences instead of the invertéd3tlepeadnst faoutndt
DDE transposases, the | S200/sli 93@40=® atndarsppPpE&Lds & ¢
These transposases work as dimers, with one of t

the other monomer provj #.2FThehet rtaynrsopsa shnaes er erse cdougen

structure present in ssDNA in | S200/605 el ement ¢
[ 1.2]0Only one strand of DNA is cut, whdmrfastse why
mechanils2ZmThe transposases cut the target DNA in
and the circular ssDNA i[nlt2dr medi ate can be inser

The family of | S200/i 56® &d iy iednedchtisntcansubgroups.
| S200 el emengy s apmcsd Urisvreg g agteiavde ,i N s o mle 1.&]r Tchheaseea

el ements are particularly smal/l (approx. 700 bp)
[13,, Thlese IS el ements are represented in relati
of | S1¥%etrlsiimi)a apneds,t iisnt erestingly, trafd@o.siltdilon

Through a series of mechani ssd mittlhhdseonl Dfelthmant
[ 1.4]
1.1.2 MITEs

As previously described, MITEs have structural s
gene8] Li ke I'S el ements, MITEs also have two defir
[ 1.2]These ends can resensbdceh dasf ftereenlt S2 ®0Y23S6 A5 e

NP



The sequence | ength between the twohedeWMli TEd a&me
usually very gmnmalllt(<s3¥@&rlyp)likely that MI TEs h
emerged from the deletion of [al.2]rDaires g s a shee farbosne
transposase, -MuTe@&somodsliPjlBEi s means that they ar
a transposition on the function of a transposas
related to thé¢2panijcul ar MITE

1.2 Hori zont al gene transfer

A classification of MGEs <can be to distinguish
intracellularly. However, evecntt,hiass dmasntyi nMQE so nh :
capacity to move both infeitd&bl uivhitihp ahdoi nhcha

and MITEs, for example, can jump back and5forth
[1.5]However, they can also be |l ocated on plasmid
on interceHdThLar.l IF6PTY bet ween bacteria can be
mechanlf $nsThese include transf or maando Roantornaincsadlu c |

way[sipbp,. 17]

1.2.1 Transfor mati on

During transformati on, foreign DNA i s taken u

chr omosomal DNA by homdll8ddOubyrecbewi datennspeci

naturally competent in the | aboratory, but nat u
the natur al envi[rbhnTehnet roefg ubl aacttieorni aof competence
di fferently in [tlh&] various bacteria

1.2.2 Transducti on

I n transducti on, DNA from one bacterium[il89]tran:t
Phages infect bacterial c¢c¢l1l193]l mnmostptacscad e twheh
is packed into t[hle9]plhavge eenvéehopbdbout 1 % of <casece
bacterium may be packagld9]JInf tthhei sp hiasg et heen vceal soep, e

pass on the DNA of the host tpl.®llhteri sbaacltseor iiant e
note that the range of bacteri al cells to which
original host ranglel®f the phage particle

1.2.3 Conjugation

Whil e transformation and transduction are proces
occurs rather randoml vy, conjugation i9g2®&]tmarget
conjugation, genetic materi al is passed from a d

procé¢fd] One of t he most compl ex conjugation pr

NZ
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smissible -pegami de[ bakTgheemanaonor <cel |l of the
em Ppuithhdast acan att ajchl JtBotct hkteerl | selclosne i nt o ¢
ot her and DNA can be transf er[rle@] | wi tnha ntyhe
ugative systems, t hesDNA&Andedtitrammfandedompl e
dsoturbd red e d DNA after trpaéf.er2Rheas gdme&ksenf qrl
ugation process are | ocated on the plasmids

CHs21, Dalring conjugation, however, DNA can not

but bacteria can also pass on DNA t[o2.2¢Hoavryeti c
not oanhythe relevantbeplpasmiedls omr vlii@Esonj ugati on,
and even some protdgi2r0g of the donor cell

1. 2. 4c &Nmaoni cal HGT

A relatively newly discovered -part dirwiagya lo,f &G Ti ti sc
classified in the other thré¢d7dfevi oubyyspgeakirnd
mechanism is not one mechanism or process but se
under this -¢d@&moniacsa]l nOINDWNHA i s transferred by me
nanotubes-lokeplmagpe trans[flet]Thgegerdtod | (0®TMAsg) i s a b
at some of-carhemsiecamlonways of HGT

1.2.4.1 Tubular conduits

Tubul ar conduits are known to trangmi3jfHowéwvwe mat
there is also an analogous transf2.8] Ndn oitnutbrua caer
channels are formed between neighboring cells t
be trans2t3err ed

1.2.4.2 Membrane vesicles

Anot hecamomi c al mechanism to transf er24DNA itdhi 8i
mechani smeganame bacteria produce extracellul ar
t he me mbr ane i tself, al so contain |l i popol ysacc
phosphdl2idpiThe vesicles contain a wide variety of
mol ecul es and toxins againpB24otfAhj baectieldiead, st
membr ane of other <cell s, and the DNAS5]Anotthheenr r
interesting aspect of this form of DNA transfer
against envirdmmMdnt al factors

1.2.4.3 Gene transfer agents

Not entirely dissimilar to transfer via membrane
agents (GTAs). I n this typel ioke HGIrt ibalcd £ rti lna tp r o«
DNA and can transf26]Tihe tsot routchteurr ec eilnl swhi ch t he

NT



transferred, as well as some of the genes respor
structures and [Rebn.e sHmmWwe phra,getshere are also diff
transducti on. DNA of the host-li ker pazio]nitolweegvaecak e d
a maximum of wup to 14 kbp of DNA is packaged, w

genes responsible for GTA s[tzZ.a]dtturhea sp rboedewunc tsihoonw nw

| east one <case, the donation of DNA via this s
preservation, is[26bQeertallo, re@Tlwita o@TAs probab
role compared to transformation, conjugation, an
detected in comparf@t6ijlvely few bacteria

1.2.5 Consequences of transposition and HGT

As already discussed, there are various- MGEs 1
autonomously within the genome or between genome
be just as diverse for the host. | n theilfiotlhy owfi n

MGEs for the host or the environment wi | | be di s

Bacteria must adapt to thaeagior eexntviinrcotn.meAdta pitmto rod

through natur al selection of genotypes that de\

mutati ons. The mutations can be del eterious, ne
0

mut at i ns can thereftora®l havepasintigae¢ i efef, ecteuon t |

1.2.5.1 Effects of 1S elements and MITE transpos

As already described, | S el ements move within a
the transpositions have[ BO ]InHeogweetviewre esfufcenc ta o ne dfuict
through transposition not onl yomatsheaelygadti vrei ehf e
on the IS el ements themsel ves, because a reduced
of the IS el eggmeOnjtFolregs hilsi kelayson, transposition

the IS elements ad 1Wdl 6§ abemgnt hechmwmsal so cause

[ 1L0]Through transposition, an IS el ement can, f
regulfaz8]dmder certain circumstances, this can b
the other hand, | S el ements can al so act[ilv2zat e ge

This can be achieved by the fact that the IS el
end, which can then bglablelde se0 deddrviak eed gmwnteast i o
I S el ements occur by transposition. However, |S
and thus bacterial fitness through other mechani
el ements can tbheerpaMQEss, o ffoofs pelxaasmmpil des , and can t
transferred t o 90t Thhea tgreenroaMessrred | S el ements <ca

genes, which can have a[] Wi ORuwv,artilkkeyl 8felfement

NY



ot her el ements can have a considerable influenc:
met abolic capabilities througHh 9H@Te chauuts ea |l osfo tthherior

on genomes, I S el ements are also consi[d%]lred key

The MITEs that afaetdnemoudbluyedanoml so have a n
genomes of bacteria despitré Tthrs el saelquehcés anpapo
binding sites for proteins or regulate the mRNA
structure at[ A]JhBEh&KkNMI TEvetan even contribute to

with other fused [ple]l]pti de components

1.3 Domestication of MGE s

The |I'S el ement s, the MITEsSs but al so all the ot he
plasticity of bacteria and their influence on th
According to Laura S. Frost, they|[&a6¢An hient"agent
aspect of the influence of MGEs on the|[ £82p1 ut i
Domestication happens if the host malklex]lus®cafura

much | ess frequently in pfaRhAyoaksedadyndaenc r reiukk
frequent transposition of | S elements, but al so
nsequences for the host due to the potential d
unteracts thilsoweyr,i nffgort heex atmpalnes,posi ti on frequer
nctions of t he MGEs tha[tlOar eZl9%iemetanni daleatiotn of
cterium domesticati ngevtohetM®E, bredswmeletni ntgh ei nh ocs

w o — T ™M™ O O
- N 9 © O O

9]0One example in which the host can benefit fr
the conjuda&t9il]dmeprcoa¢sgative pili possessed
upport the formation of biofilms or[ 2%ln al so be

Such domestications are mainly described for I
prophages, but much | d29]sHowéweveer smahérelamenabkso
domestication of el ements that are very small
| S200/ 1 S605 el ement[sl.2dMTheady adescrfiobe@xampl e, tI
| Strons that are found in some bactlf.2gAnbouthewi |
system that is at |l east in parts considered as
RAYT sy[sit2elnThe foll owing section descr iRAe&YsT i n m
system is structured, how it potentially works,

guestions about it.

N &



14The RHEHPAYN system

14. 1 REPI Ns

The RERRFAIYN system consi stswutodnotnhoeuss maelplet honve
palindromic doublets forming hairpinss s(oRERIltNsd)
tyrosine trand@Bdg&ses{ RAYh)e REPI Ns wil |l be disc
REPI Ns consi st of t wo repetitive extragenic p é
orientati[cB3M]AFREP 1Ly approximately 20 bp in size
separated by a varif[adl]el hep &RErs saeaeu ecrhcaer act eri ze
bp) palind[f ®5ijhee &RREPes are reminiscent of t he se
| S200/ 1 S60% 1elAmRERISN with both REPs and the spa
bp i n 3]tHowever, the REPs can also occur on thei
then regarded as [r3eOmidantiss ofnttehesd ing to note
REPI Ns are highly conserved, while tHhHe3.0sjpacers a

REPI Ns are widely distributed in bacterial genom
whereas they have not vyel[t 3.DdleHeum dirdeednst ioffi eRdE Pil nN sa rcc
t he ge[n30Ime 3IThle REPI Ns are distributed in the gen

called the REPtron around the transposals®4] the
These struyctimremsangysieemdarrdst,o IS el ements from t
which is one of the reasons WHRAYTLt sy st eans same d

| S200/ 1 S605 el ements have R3.2ommon evolutionary

Hi storically, REPI Ns have not been considered as
considered individually or in structures consi st
mosaic elemeft3S] RBPMEswwere first described in 1

regul atory Eel eamdént & yiprh|[ @8 Siumce t hen, mor e and r
of REPI Ns have been described that mai nly conce
through transcription|[ &6d] Hoavevleati on haguladtsioor
t hat REPs can bind to various enzswmés arse lgatreadcks et
topoi somerase), DNAnpelgymer as el 4® & TRAECPtI oN's  (alrHF )a |
a preferred targef 4.5jHoewefvoerr ,1 S heelye nceannt sal so i nf |
of the genome by serving[ 46] Maencyo ntbfi ntah d iorn cheost ¢ rsij
are mainly related to the hairpin structures t|
REPI Ns in | arger fo[r3as3] in ssDNA or RNA

l11
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REPIN
« >
conserved less conserved conserved
« > < . < N
REP Spacer REP
ATG"GGGAGGGGGIWG_GATAGIGGTGWH'AGﬁAA-AﬂAI-ﬂG?GA'l'GA-A-A-"G'FAﬂGGGGGIAAG__A-A
T —— ———— — I
WCCN GG . - AAGE G TC e
L] G G = A'S w N o
G G TCATTAT G WA RACKN
G G WG AWGE G w w o
AAG TC WG mac C e
n GA T G |A G WAWAWGGCN
A GEE~GAR cT e C
L] A WARGTECGE G o Gcm o
G " G wAG n A |ccm
c A -AG L] G T A
G G C . A AG C = A

$28222222222222222888888888888s s ssssssy 3

o 4

Figulre Structure OREPRBERBI Nso.nsA:st of two conserved REP:
spacer sequence Bblehteweaelni gtnhreem.t of some REPI NsP.from t#F
fluor eSEWHhS shows the sequence of the REPs that con

palindromic sequence, and both REPs are in inverted o
consensus sequence. The bar bel ow s hhoewsi nhdow i adlucad e Ipyo st
(green means 100 %). The REP sequences are conserved.

strongly presteGedvéei{ hus CPTheneREPI N sequence shown fo
hairpin structure inThasDNAI butofal sbei nnd&RiNAIL. dual base:
probability. The higher the base pairing probability,
red the base in question [aa$plears (RNAfold WebServer)

14. 2 RAYTs

The REPI Ns ar e oneRAYalr ts yosft etnh.e TRREePION her part i s
transposases with a conserved HUH motif and a t
el eme[n48,. RAYTs are also very similar to |I'S ele
functi ohfil $ tii®sdi scussed in more detail in chapt
REPI Ns but cannot traasp®4Ehbbemsebveasntiament al
the transposases in IS elements. RAYTs differ si

as WelllllI't has been describedi n-gapy RAXEME siafr es v @154
RAYTs occur per genome, they differ [SlldAnby hér on
aspect i's that RAY Ts, i n contrast to |I'S el ement
therefore currently assumed t haf5RPONVTesr alrle, mtah e | F
have much more in common with other houdé&kKdeping
Therefore, RAYTs are consid¢B3dd &dmesSRiljcated tra

As already mentioned, RAYTs are repcdPd2nsB8BdHTeb®d8pr

is also shown by the fact that the number of REI

=N



has disappear[el2 ]fHoom vielmemnot every RAYT[ S51s] asso
There are a tot al of five RAYT groups and actual
| S200 el ements than to the [o5tlhen fsihowel BRAVMT spr dleg
only group 2 and group 3 RAY[TS.1]aGreo uaps slo cR AaY Tesd aw
most widespread and occur in 21 different bacter
Pseudonmom@lso st[rbildiGaoups 4 and 5 are significant/
group541]Group 4 is frequently found in [C%adhobact
Group 5 ®EPscwrdo momh]sGroups 2 and 3 are of partic
associated with REPI Ng[,5.l1dd&6ralupe@dy smeoratritorcadar |
i s found i n Enterob&ct efobliic &neup i Bc IRAKiITsg ar e

Pseudomomeaeci es ,P.fsluchr gdclgssoup 2 and 3 RAYTs are
other in many properties, and mdsto dingitinfeli @aa msteige
to each other amorfjdg.ltfiki RA¥Ffdgrattps a common evo
since the RAYTs aPegeumado mamd §nutnedr oibnact er i a, a poc

from these bacteria to other bacteria and the as
[ 5.1]

I Group2
I RAYT Group 6
I Group2

1s200}
100 ! § Group4

—
|
63
I Group2
4 | ravT Group 6

l Groupl

Group5
. 100' I .

09

Fi g®r eRAYT and |1 S200 gr ocfdublylimgewowetpiac itsome of the prot
representatives of each 1 S200 and RAYT group (for te

representatives of the RAYTs are found in one cl ade a
anotdleade. Exceptions are the representatives of the
ot her | S200 el ement s. Green bar %) i mdidc ateed I|bcaw sd u mldii o

duplicatamd hiaglespresence%)o.n PAMIHMIId sha(s>1a7 red and a
because these RAYTs have the highest dupBiRraatieinn r at
similarity network for 30 random representatives frol
group 6 of the RAYTs lies within the |1 S200 el ements.
[ 5.1]



14. 3 Persi stenceRAXNT tslyest RENPI N

However, the evolRAYITons yosft etnhestREBHAI Noresents sci el
that also fundament al-RAY Tdissytsitnegnu ifsrho m hoet hReREP IMNGE s
that the REPINs are only very|[ b8tEBHhwys ditslsemduwm@l i
rate of REPINs is a thousand tJ[i3me]solrowera mpHan tM

are duplicated every 100,000 host <cell generatic
cel l gene3r2at iSbBojwever, there are furtheRAYITffere
system and structurally similar MGEs . MI TEs eV

probably have a commpB2ev &lhilitsi aard asroy harsi gion do wi t

REPIRMYT system remains in single lineages for r
single |lineage[s3.2a]lTwmayys hdise twutdo with the fact t
very densely packed with gené¢S4dandhdet hterra nrsepgousliatt
MGEs is therefore associated with costs that ul:
because the |Ilineage no | onger exists or because

that, strictly speakiindge, eidt agda3®2imMmdMTGEsn gdrorb & x@ang
out because they parasitize a transpo[siax]avhewhi ch
the parasitized transposase has disappé¢d8plé¢d, t |
REPI Ns, however, cannot parasitize RAYTs, for th
their own t{r32sposition

There are only two options fTdre sMGERy et ®idsheapd heax

host an advantage and are domesticated or HGT e\
ot her genomes bdgf3@(Ehe¢ hREPT Ny tuéedm i s thought to
|l ineages for millions of years and there is furt
frequency of[5HGThesent asclude the fact that RAYT:
in contrast to, for5le]Jiamplpdyllogemlyemednt e RAYTs
that of the genomes in previous st[uxdli]lJes, which i

So if tHRAYRERIYNtem does not propagate through H(
l ineages for very | ong-RA¥T I  9yYst em musgnte, oft her R&EPV
hogt.6] To explain this possible advantage, t heor
showed that a discounting benefit could be respo
of REPI Ns i n 5t6hjf@hgsnomans t hat REPI Ns offer an a
decreas®wss%wilt h each addbibt]i Maany &EPt &lrent functi
been found for the REPINs that coull®33838f#é&R pot e
However, RAYTs mu st al so offer a benefit i n or @
genone3s2] The only kofANMTS uvuincttiloamt t hey cdm8hind
50] To explain the persistence of RAYTs, the curr

=0



for them to spi82dThihe REPPEss far too rarely f
advantage that woul d[ 2X]pTlhaei na dtvhaenitra geex iosftfeerrceed by
even result from the intdgrB$2dThenRAYTREWI NIisd antdh &

the ability to spread REPI Ns, and REPI Ns woul d
conseqye8sr2deBowever, it is not known -RAYT s¢shet amv e
i s.

15P. fl uolSB8W2 &n s nhdu lttohceu s a ss ynsotdeenh s

P. fluoSRBWZ® nwasi nustehdi $ o nlvesits gat eRAtYle sREBPIlek
fluor eSBoW2rbs | s-negat ame bacterium that was first
beet pl ant i n Oxf o[rd&]hSirnec,®. UKh & nipRWEBNbBas been
established as a model organism. The strain has
radiatitvactetiaat i nteractions,[ 5&n6@498Bvof buopbpaeacegn
SBW25 was al so used-RAYTs s yd3einh & 1RWSBI3lher ef or e |
from previous studies that theref huoeSBEWX rtshRAALY TS
are associatefdi3wjtBl1REBHMBisox]P. il uoSBWZ® nand
related strains is also specifically investigate
the investigation of REPI Nsh udapse r PERsI, Nswharcen prse s
common for other operons. I n addition, phenotypi
by changéasltanud hend t he e dfi luumoSiB2ukd ngfr 605v,s 6 &)
additimouwltoctuBe ifnl uolrees caelnrseady been studied and
the regul ati onhatod ugse n ead tohfo utghhe b y[ G&L Imlerm nasd édivteir ¢
t hreultocus is very widespr gda@8]Tamids hmagkd s ictonsagivest

evolutionary studies.

16Ai m of t his worKk

The RERPIYN system is widespread in bacteria and R
MGEs off33d&lIHowever, mu ¢ hT hies osvteirlall lumdInme aorf. t hi s |
under st and-RRAWwWel RERItNd M and its persistence in ba
i nvest ihluwttoec utshe wher e REPI Ns frequently occur.

To address thiis®jvitded tihmtsé st hree subprojects,
The aim of Chapter 3 is to investi gRA¥TtSdesteeaml| L
i . fluoSkEBWZ®nand 24P saaduwd d msoimraeai n s . This include

critically revisiting previous .assumptions about

The aim of Chapter 4 is toRATesmshemwaeeéhes |

functi omaslt@aecaug heTo achieveotlcionstonmeta RRBPW&Ns del e

n



succesBdwmutl hegt eirrm was to investigate the effects

on gene expression, andtthebsedeedt phdnbobhgpbastcha

The aim of Chapter 5 is hwtgbehari fTyhwi shevabumptpir or
performing an evolughuwtmopubatri mest with the ai

compensatory mutationshuwuthisiedf enr adgptheerochangt

l11
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Chapter 2 Materi al and Met
2.1 Gener al Met hods

2.1.1 Bacteri al strains

P.fluor essBcVe2n5s wi |l d type was used as the parental
FurtherEmoraglriai ns STdAP1l0ambda pilweragsedDHDTr t he
construction of mut ant s. Table 1 contains the b
separately are the strains that contained GFP or

of. fl uoSBWXaesn swe | | as for al/|l del etion mutants.
Tahl. Al bacteri al strains used in this work
Bacteri al strainlnformati on Ref erence

Pfl uoreSBWwhas:

wild type wild type, @as<[ 73]
sugar beetthep
UK

ghut D del ethonhDof constructed

wi t h inform
strain [PBR]8O0

gRD del etion of constructed
downstrk@amDo

oqRH del etion of constructed
downstrlatmHo

oRE del etion of constructed
downstrkatmF o

qRG del etion of constructed
downstrkamGo

qRU del etion of constructed
downstrlamuo

qRV del etion of constructed
downstrRR@amVv o

ogRh u t del etion of constructed
i nsi dheultioltes s

GRAYT3939 del etion of constructed

PFLU_3939 Bertels (unp

l11
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GRAYT

del eti on
RAY T Ts:

of

constructed

PFLU (Bertels

(unp

PFLU 4255, a

PFLU 2165
Eschericéi maicos i
TOP1O chemically c Il nvitrogen
S1-Z | ambda pir Contains GFP Addge[n7e4]

mScarl et
DHB contains hel[ 75]

pPRK2013
2. 1.2 Plasmids
The plasmid pUlsacB was used for the constructio
P. fl uoSBWZX>nssee Materi al and Methods chapter 4
The pl as miTchsl 4lbMREnSic)ard red-T p-MRE ( sGFP2) were gifts
Re muEsSms er nfam&ihd wer e purchased from Addgene. The
was swapped with a gentamycin -TrekE5 3ty cavwiedh eRo @
The pl as miTdhsl 4bMREnSIic)ardmed mod-Thi1é&@ HBMBEP2) wer e
to introdueceactolde ngerieg am8c s GIFEL2P.i nf | waoS BW&S n s

strains.

Tab. 2:

Pl asmid

Pl asmi ds

used

n this

I nf or mati on

wor k

Ref erence

pUI sacB

PRK2013

p MREn-145

pMREN-I5?2

( mS«

( GFI

pl asmid
ori T

Hel per

conjugation; ;R tra,

mB8RGERsAa¢B

p | apsamiedn tfaolr

pl asmi dpPNRED o-F iT
Tn-Ar aRcb atdn s ABPGIO -p | |
mSca+#l eRGm

pl asmi dp P MRED o-f iT
Tn-Ar aRcb atdn s ABPGIO -p | |

s GFP2,R

Kan

m

Rainey | a
unpubl i sh
[ 77]
gift fron
Re mus

Ems er nlamm
and
from Addg

gi ft

pur ch

fron
Re mus
Ems er nmahf



and purch
from Addg

2.1.3 Media and growth conditions

I f not diff ePrfelnudryessscteaisad wkle gro®meacher 28hiAgE acd
strains were @®sewdombmBEc hAersitcrhaiians were cul tiva

Lysogeny Broth [ 7 &) gAmaddiiunh ) i nside gl ass vi al
(Mach#&lagel ) with a | oosened Ilid for 24 hours. T
powder (composition: 10 g tryptone, 5 g yeast e
MilliQ watethéMeauovkdpchaded (autoclave Zirbus tec
for various media and buffers. This is ultrapur e

system (Pweerucdkoomouwmlatsur es wer e s hakeEesc hatrc IAtOuarrepsm ¢

wersehaken at 230 rpm inside the shaking incubator
% agar (VWR chemical s) was d&dcecad otmomialtseh e Bi mb dau
strains were grown on solid medi um. Super Optim

[ 7@hs used after B.r atn@®&PLloOr niactri oinn coufbati on for 1 h

Tab. 3: Components for 1 L SOC

Component Amount

Tryptone (Fisher Sci(20 g
Yeast extract (Fishel15 g
NaCl (-8 dmach) (10 mb58 g
KClI (2.5 mM) (Roth) 0.19 g

MilliQ water Unttihfei nal vol ume

Twa hi rds-coft 2dés of bacteri al 4 thri aidn so f wegrl ey crair »d
inside a cryot #i®e ALndtosrtmrostdo ragdge of bacteri al s

Tab. 4: Components for 1 L glycerol saline

Component Amount

NaCl (-8 dmach) 8.5 ¢

Gl ycer olAl(dSiigenna) 700 mL

MilliQ water Unttihfei nal vol ume

Anti bioti csst eweirlei zi¥hda t(ecaynt isvtaer i |l e filter 0.4 OM
mL) and dissolved in MilliQ water with the excerg

=Y



DMSO (Rontdch)Tetracy-®AlidnechSwhmah was di Sableed in

Il i sts all used antibiotics and their concentrati.
Tab. 5: Anti biotics and their concentrations used in
Anti biotic Concentration

Gentamycin (TRC) 20 Og/ mL

Kanamycin (TRC) 50 Og/ mL

Nitrofurantoin (TCI) 100 Og/ mL
TetracycliAhaer(s8ihgma 12.5 Og/ mL

2. 1.4 Sterile working conditions

I n order to work under steril e condd@iutniskemsenewor k
or under the SAFE 2020 sterile workbench (Ther mo

2.1.5 Primers

2.1.5.1 Primer design

Al | primers weregplPanmed (Ver-@iOkRels 02621 wlth the
software Primer 3. Pri mer extensions for i gati c
annealing temperatures for PCRs were calcul ated

pri mer conceNArpbl gpmenadeD The primers were orde

Tab. 6 : Primers used in this work

Pri nmMName
| D
CBO3 REP(hutD) gtacagctatcttggttcagCCTATTT!

t
CBO3 REP(hutD) ggttaaaaaa T TTGTTTTTGCGCTGTT’
CBO3 REP(hutD) tagtcagttgatgtagtgct CGACGAA(
t
t

Sequence 3I&®HY

CBO4 REP(hutD) GCTTCGTCAACGCCCTGGTC
CBO4 REP(hut D) AGACCGGCGGTGAGGACC

CBO4REPI N(hut TTTTTTAACCGCGCTGGGTC
CBO4REPI N(hut gacccagcgcggttaaaaaaTlTTTGTTT!
CBO4hut Dup_f gt acagctatcttggttcagCACTGGC]
CBO4hutDup_r 'tcgatcaggcGACGGCGCGCCAGACGC]
CBO4hut Ddn _f gcgcgccgt cGCCTGATCGAACTGACC(
CBO4hutDdn_r 'tagtcagttgatgtagtgct CAGGTTG!
CBO0O4hut Dfl ank TATACAGACGTTTGCCTGCTCG
CBO04hut Dfl ank GATGTAGATCCAGCTGCCGG

CBOS5S5 RH_fl ank AACGCGGCCAGATCGATTC

=0
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gt acagctatcttggttcagGCACCAG,
GTTCTACGACAAGGACCGCT
gcctgacaacGGGTGTTGCGGTTACAGH
CcgcaacacccGTTGTCAGGCGCCAGGT]
CCCGCGTTTCAAACCCTTTT
tagtcagttgatgtagtgct ACCGAT G.
CGTTGATCGCCTTGGGGAT
GCTTGCAGCAAGGTCAACCA

GTACAGCTATCTTGGTTCAGCTGATTG]
TG

CGATTACTGGGTGCTGTACGT
CCATAACCCATGGATTGGCGCTGGTCC,
CGCCAATCCATGGGTTATGGGTTGCCGH
GCAATCGCTTGTATCGCAGC

TAGTCAGTTGATGTAGTGCTCTGTGCT?
CG

GCCAGCGCCGGTTTATCAAC
TGAACTTCACACAAGGCCG

GTACAGCTATCTTGGTTCAGCTGTATG,
GCC

CTTGGCACCTTCAACGGC
TGAGACCGTCAGCTATTTCAGCAACAC
TGAAATAGCTGACGGTCTCACTGTCGC?
TGGATGAATACGACGGGCA
TAGTCAGTTGATGTAGTGCTATCATGT
TC

AGTAGTGACATTCGATACGC
TGATCAAGGCCGCCAAGCAA

GTACAGCTATCTTGGTTCAGCGACTAC
CccC

AACGCCTTGCTCAACACCG
GCAGATCAAACCCTGGGTTACTTGATC,
TAACCCAGGGTTTGATCTGCAGTGAACH
ATGCAGCGCCATGACACCG

TAGTCAGTTGATGTAGTGCTTAACGT G,
AC

AAACACGCCGAGGACCATC
ATGGTCGGGCAGGGCAAGA

GTACAGCTATCTTGGTTCAGGTGAACG,
AGC

CCGAGATGCAGGACCAGC
GCCTTACCGGCCGCCGCACCCGATCTT]
GGTGCGGCGGCCGGTAAGGCTGCACAA(
CCGGTGTTCACGCCATAGG
TAGTCAGTTGATGTAGTGCTGCTGGGC?
TG

GATCACTTCGCTGCCATCGA

TCACGTAACTGTTCGGCCTG
oM



CB0O09 GsplL_seq_
CB10 GsplL_f

CB10 GsplL _r

CB10GspL_f1l an
CB10GspL_fl an
CBl12hutH2_qpc

GCCTCGACCAGATCCTCAATG
GTACAGCTATCTTGGTTCAGATCGACA,

CccC

TAGTCAGTTGATGTAGTGCTGCAAGCC,

GA

CCATTCCAGGGGACGCAATG
AATTGGTGCCCGAGATCAGC
CCGCACATCCCGTTGAAAGGT

t

CB12hutH2_gpc AACGCTTCGGTCGCTTCCAG

CB12hut Th_gqpc TGCTCAACTACCTGATCCCGGAA

CB12hut Th_qpc TTGTTCCTGGGTCATCGAGCG

CBl2recA_qpcr CGGTGAGCAAGCCCTGGAAAT

CBl2recA_gpcr ATGCATGTCACCCATTTCGCCT

2.1.5.1 Primer purpose

Table 7 shows the pwsedbse of the primers

Tab. 7 Purpose of primers

Purpose Pri me

Const rahcutibDn cCB044 CB045 CB046 C

Sequenghiun @ CB048 CB049

ConstragRDti on CB036 CB038 CB039 C

SequengRDng CB040 CB041

ConstragRHt i on CBO057 CBO059 CB060O C

SequengRHnNg CBO056 CB058 CB0O061 C

ConstragREti on CB065 CBO067 CB068 C

SequengREng CBO0G64 CB0O66 CB0O069 C

ConstragRGtion cCBO73 CBO75 CBO76 €

SequengRRGng CBO72 CBO0O74 CBO77 C

ConstragRUti on cB081 cCB083 cCB084 C

SequengRUng CB08O CB082 CB085 C

ConstragRVtion cCB089 CB091 CB092 C

SequengRVng cCB088 CB09O CB093 C

Construction gspL mCB106 CB107

Sequencing gspL mut CB096 CB097 CB108 (

RFgPCR CB122 cCB123 CB124 C
CB127

2. 1.6 PolohmeReaascet i on ( PCR)

Q5 E HRFighel ity 2X Master Mix (New England Biolabs

Bioladsy)Ped to amplify DNA products, depending on

Hi ¢gfgh del i ty 2X Master Mi X (New Engl and Bi ol abs

particularly important that no incorrect base pe

e.,g.o produce

t he
ON

fragments

used

for

homol ogous



del etion mutants. The approach with Tag 2X Maste
example, when the | ength of a fragment was to be

out in the thermocycler (SensoQuest plraoldoyoll er) a

TaB:Exampl e of typical -PiCRe lwiittyh 26 EMaHs tgehr Mi x ( New Eng

Component Vol ume ( C
2X Q5 Maste?25

FR pri mermi2.5

Templ at e 1

Ul tpruawet er 21.5

*: The two required primers (F = forward, R = r¢
stock were diluted together to a concentration
PCR mi x.

Tab:PCOR procedure inQ6kEeHPBRetytyherX Master Mix (New |
Bi ol abs)

Temper aTi me Repec

98 AC 30 ¢

98 AC 10 <£X35

* 30 X35

72 AC * x X35

72 AC 2 mi

4 AcC 00

*: depending on primer sequence

** . depetntddemg tdhi®©OR pr oduct

Tald.OExampl e typical PCR with preparation with Taqg 2X

Component Vol ume ( C
2X Taqg Mast 12.5

FR primermil. 25

Templ at e 0.5

Ul tpruawet er 10. 75

*: The two required primers (F = forward, R = r¢
stock were diluted together to a concentration
PCR mi x.

Tab. 11: PCR procedure in the PIGRH c2yXc |Mars tweirt hMipxr e pNaerwa
Engl and Bi ol abs)

Temper aTi me Repec

95 AC 5 mi

95 AC 10 £X30

* 30 £X30

68 AC *ox X30

68 AC 5 mi

4 AcC 00

*: depending on primer sequence

o=



** . depetntddemg tdhiOR pr oduct

2. 1.7 Gel el ectrophoresi s

DNA samples were controlled for t heir size by
(SeaKemE LE Agarose). Agarose ¢gé&lSsafwee rDeNSAs Gl ne d
(Il nvitrogen) to make DNA ilghrndse miitdieldl eb yu ntdheer gUeM
i mager UVP Gel Studi o) .PLINA (sAannap lyetsi kwelreenal oaded o
l oading dy¥e( TThérTmac ki sher Scientific). The con
(between 0.4% and 1.5%), the voltage applbifed (be
electrophoresis (between 30 min and 2 h) were al
samples. The gel el ectrophoreses were carried ou
filled with 1X ROTIPHORESEE TAE butifier B8SnB6OTPE

(Bi ometra, Analytik Jena).

2. 1Ge8home i sol ati on, concentration measurements,

Genomic DNA isolation was conducted with ADNeasy
genomic DNA samples were sequenced at EUROFI Ns v
amaxi mum coverage of 100X. Plasmids were isolate
PCR products were purified with AQl Agui ckE PCR P

DNAand RMAcentration measurements were perfor me
1000 Spectrophoton&8efr!| oor BMORthe rQudblitt s were tre
ExoS-AFP PCR Product Cleanup Reagd&nt t@OApgdti ed i Bi
unnecessary primers and nucl-eegudaesedefivor € heh &a x
I nstitute for Evolutiowatyw Bhel &g g DVRUNXITETI Gahmb
Kit (Thermo Fisher Scientific).

DNA sampl es-tveame sshoaretd atedmALt-Z2aineAC.@amn g

2.1.9 DNA mutation identificati on

Sequenced DNA wasP.alfilgnoeSde W2Zde nteled er ence genome |
AM181176.04Mut ati ons were identified with the so
[ 8.1]

2.1.10 Data visualisati on

Growth curve assay measurements and relative fit
R Studio (version 2023.03.[28)2]®wiIraphitbal paepragseerl
experiment al setups was realized with bi orende
Power Point . Genome trees wer e visuali zed and

(itol .embl . de).
0)O)



2.1.11 Calculations and statistics

Al statistical analyses were calculated in R S
calculations were performed in either Microsoft
The primary data from the MACSQuant@l UMY¥Bngl o Wwe o
associated MASSRuwatefygMiltenyi Bi otec).

2. 2 Methods Chapter 3

2.2.1 Genomes

Al l 9794 compl ePseudwndiogneamsame s wer e downl oade
PseudomonpaBs87kBassed on the | ater shortlist, the 2
P. fluosBWZ®nwere also taken from this download
25.11.2022. The 24 genomes thaR. welrueob8®2Bynse d
(GenBank: AM181176.4) are |listed in the table be
Tab. 12: Genomes used in this study

Na me Assembly Acc

P. syngaBt ha GCF_00385146

P. SDPOE GCF_00279846

P. G6KHMO02 GCF_00061258

P. fl uoRS®66cxn  GCF 90249770

P. 1uMGdal1995 GCF_00256389

P. I MY¥bila GCF_00296683

P. fl uoR*6&EnNn:GCF_ 90249768

P. B9HFES8 GCF_90059112

P. si7milaeed GCF_00300153

P. fl uobMGceh2GCF _00041167

P. BiH1 GCF_00051089

P. fl uoNZ2Gx2n:GCF 00027592

P. N91 GCF_00226942

P. p®D11 GCF_900601509

P. cana3dee8i s GCF_00373200

P. 5®».E6 GCF_90000465

P. mar gCM®I BS5 GCF_00164510

P. mar @AR2aB i s GCF_02160936

P. fluoUledsen!'*

P. fl uoUlelsdécen:*

P. Q@2 GCF_00285908

P. virpg2deE¥d av,GCF_900589414

P. ©OY546 GCF_900116814

P. fluoH2lscen!GCF 00096793

*: These genommas iasrod aftreeamof t he MPB whpag tDiéAt (
was isolated by me and analyzed/ sequenced by Da:
19968.3]

on



2. 2.2 Construction of genome trees

The genome trees for the 9794 complete and dr af
Pseudompemesmes t hat were analyzed in more detail
using the UBBGG]pipeline

2. 2.3 ldentahbtwowdi RIEPdMN& and RAYTs

The RAYTs and REPI Ns were identified and analyze
ANal y[z&5])Thi s was done according to the instruct.i
was analyzedP/filndod wvdéSsBanibd y Group 3 RAYT (1)) was a
the query RAYT.

I n addi thiutbwcus heequences were anal Pzéedemanual | vy
exi stence and |l ocation of REPINs. The REPtrons v
results of RAREFAN and m&@muaneT laeap yisi wi s&@ iGeeari io

sequences and REPI Ns was also calculated in Gene

To obt RIEPInNhset er sequence for a RAYT group, t he

from the RAREFAN results. Someti mes sever al s eq
Therefore, I manually analysed in Geneious Prin
present in otfhd hRERtorrarespondi ng RAYT and then sel

ali gnmenRREPflmMrstadrl sequences in a RAYT group was
The consensus seguRmBRleMwasrt beguethee ofRAYWTe cor

group.

To grobpltdadwes REPI Ns, i t  wa R E® hnthcskt eedr wsheeqt uheenrc etsh ec
RAYT groups had a 100 % match to the imperfect p
the case, the corresponding REPIN was assigned
al so assigned to group Eliog Benpnomegsnhald &8hRAXTD
other E RAYT group. | f tREPImMhasd emrots etqluee naceaes aev,i tthh
corresponding REPIN imperfect palindromic core
examined, and whet her ramcdrhri ss maorodiipn gvaRAYWT efsent
the REPIN to be grouped. | f no RAYT was present i
were present in the next relative of the genome
group i f the segusnme REPdNes tvelre sequence of t hi s
was the case fBHrDRtUReEVRREREKIN® mPt he®D1l1l genome. The
wer e asst galeydl tgar oup D.

OP



2.3 Methods Chapter 4 and 5

2.3.1 Media and buffer

Di fferent growth media were prepared for the gro
t he-gPTR, and the evolution experimentas Weée¢l dalset
wild type, grewNHWHZELCly) oWwittem hsind tRiOci@m é& oans atnfde ni t r o
M9 with gluf€bsasandr BEn and nitroga@anosbuptesThkw
were preparledMWNHGEI n MOr (5CNNlH st ock solution, the

which is |listed bel owe.r eT haeusteo csltaovcekd .s ol ut i ons

Tab. 13NHCM9 @ndCl()+NHROO mL)

Component Amount

NaHP ®( Si gAthadr i ¢ h) 6.78 g

KHPQ( Si gAmhadr i c h) 3 g

NaCl (-Ali dgmiac h) 0.5 ¢

NHCI (Sigma) 4« Clonly irl g

MilliQ water Unt il final vol ume

(Wi stidine (Roth) was first dissolved in warm N

stock solution with a concentration of 200 mM wa:
sterile filter 0.4 OM and syris06&e gAfiaedrruinton) 50 CralC

(Fisher Bioreagents) were dissolved in MilliQ w:
sterile filter 0.4 OM and syringe Terumo 50 mL)

was al so steriWkatfrsdtiearidde (fdyttiewa 0. 4 OM and syr
prepare a 1 M stock solution. Also, to prepare t
%, Thermo Scientific), urocanate was first disso

a 75 mM sitook $gl steri Weat ishtherraitlieonf i(lctyetri voa. 4 Ol

Terumo 50 mL) .

Oz



Tab. 14VHCM9 @ith histidine (15 mM) (500 mL)

Component Amount
Hi stidine (200 mM) 37.5 mL
MgSaQ 1 M) 1 mL
CaG(1 M) 50 OL

5 X MHCI) 100 mL
MilliQ water (autocl |361.5 mL

Tab. 15: .aM9 (wWwWNH glucose (20 mM) (100 mL)

Component Amount
Glucose (1 M) 2 mL

MgSQ 1 M) 200 OL
CaG(1 M) 10 OL
5 X M94C( ) NH 20 mL
MilliQ water (autocl 78 mL

Tab. 1eNHCM9 Wi th urocanate (15 mM) (200 mL)

Component Amount
Urocanate (75 mM) 40 mL
MgSQ 1 M) 400 OL
CaG(1l M) 20 OL
5 X MECK ) 40 mL
MilliQ water (autocl (120 mL

To remove LB residues from the bact-HGla)l. cRdrt ua ¢
final volume of -RBOI )nLwa gt OmimbLe M9wi(t h 160 mL Mi | |

Phospbhatéered saline (PBS) (Gi bco) was used as
prepare PBS, one tablet was dissolved in 500 mL

2.3.2 Construction of mut ant s

To create t he PJdGR eftriaognmesettrsantnrsgduced i nto the ch
P. fluoBBWE2BNWI | d type-stépowdh ehi ct wexchange vi
recombi[n86]iFom this purpose, the plasmid pUlsacB

bp upstream and downstream regions of each desi

oT



was extracted and then |Iinearized with the restr
England BiolLabs) . tihdteeackKbhorarwaatampl| i fied vi a
pri mers PuCsRedrfacdrpktt fi cati on were -desdggonedr han@awve
NEBui |l der E Hi Fi DNA Assembly Master Mix (New Eng
assembl yP®OR prhomdnudcttshe backbone (pUlsacBER The

fragmants backbone for the assemblogcomidxitnugr etso wte

information from the manufacturer's protocol

The assembled constructs (pUlsacB and PCR fragm

compeEentO®OPil0O cells and selected for the presen
resistance, PCR, an&. S&8opée0 sequehormgd with pU
PCR fragments were always incubated for 48 h ins
Throughlrtemi al conjugati on, the first crossover

all ele on the plasmidE.i s@ @Pin0 uwitteld .t ifh ep led omied (
PCR consPtr ddtu)ogBeWx nwi | d Et.y ppef RRaONld3 ( hel p87] pl as
[ 7TWére incubated together to aP.| dw uo8BRWEkEaww bd o
type. Transconjugants with the plasmid (pUIl sacB
chr omosomal DNA were selected on LB medium with
on bacteria withobutopbplbaramid)n @&dt)s.obacteriostat

In the next step several green fluorescent <col or
were streaked out and incubated on TYS10 medium
extract, and 100 g sucrose per had@® wenh) hoseso

crossover event (sucrose induces cel |l [d88]t h i n t

The appearing colonies were selfelcuoerde sfcoerntt hHoouste
Col ony PCR and Sangarsesledqweirnfoinfhger wvnearleony candi da
wild type or mut ant sequence in the speermic r

storages were made from the positive candidat es

2. 3Co3njugation of fITwdr 4 as mP.d sIMIRIBd BB V@ &n s

Fluorescent strains were wused to distinguish ©be
during relative fitness measurements. THh&MOé¢fore,
and mScar !l elt) 9@Srcearilrettr oduced t hrough conH.ugati o
fl uor eSBoWw2rbs mut ants and wil dtype.

BriefPy, ftheSERWxnstr Bi nS§dnd ambda pir strain wi
pl asmid encoding for GFP (s GFW&rn e oirnenblcatré etorf mS
all ow conjugati onE.of6 tt-hiel gprhitadskRmi pdi Irfura8m@eVE2c5.nsl n t he

oY



next step, it Wwasfd elb®RWxs nfstoraitme i n which the f
was successfully introduced intad.tHe uoEFBR®WmEcemal
grew on LB niittrho faudrdaantdtaomync,i n, and 0.1% arabinose
bacteriostatjicoaéhtyamynwcin selects for bacteria wi
arabinose is needed for transposit iPosne uadfo mome sp |
chromosomall 76 ¢4AomMER was conducted to confirm the

the correct position.

2.3.4 Relative fitness assays

To assess the relative fitness of each REPI N del
GFP and mScarl et samples) for both the deletion
These replicates were incubated sfep2a4abetuysinlQ®C
of the wild type and mutant st,respsctitagbegd wett
in equal amount s. This only did not apply to tt
proportion of the deleti ®On0 s% roari nlsO a%.d Tihhee nmuixl do
was then washedHGhte i 680MOL(of the washed mix w
medi um, which c-NHGIli)staemrdd oli sM9i di ne ,whb cmMwa@Go M9t
with ammonium chloride and glucose (20 mM)). The
to determine the starting concentrations of t h

Cytometer (TO) . The dilution for tbhal MmeRssTr BEeE
incubated for 48 h atNe® BCuasdi ROl npmvand44 sha
i ncubati on, the culturesawd0deOlooft etxleal d wirt 20e sw
to a fresh medium and incubated again for 48 h.

the concentrations of the strains on the flow cy
ti me, the concemhtaians owsr ®ef méd®ured on the fl ow

The relative fitness for the strains was then ca

o log((count/pL mutant T2 x dilution factor)/(count/uL mutant T1 x dilution factor / 100))
relative fitness mutant =

log((count/pL wild type T2 x dilution factor)/(count/pL wild type T1 x dilution factor / 100))

2.3.5 Growth curve assays

The strains that were tested in the growth curve
a New Brunswick Innova 44 shaker incuiat o9 i(n L |
NHCI ) . 1.5 OL of each replicate of each strain
inside a wellll @i ad e9 Sarstedt, flat bottom). The

Epoch 2 microplate reader) are pdpdsbobéed206 opmmij-t
10 s of shaking before en&oaoh smaasurtakemt at Maa svarve

nm, every 5 minutes, for 48 hours, at a temperat

oo



2. 3. 6PRR

For -gFPPTCR,ecsferved as the reference gene and was ¢
hutadndutdglenes. Eight replicates gRrRdwér ef giS8wa5f wi |
most part and treated as in the relative fitnes:
from glycerol stock onto LB plates and incubated
of SBW25 widRHwteype iamacdibated individually in LB f
were then waNHGEId iandVot r(ansf eMHCGIdt awih DOt i di M8 ( 1!

as the sole carbon and nitrogen source and i ncu
this poi nltngan wscrhdnsi,dt carri edPelultetas | ffomthemL sof
were fr@DeniCatand then the RNA was isolated. Th
resusped®ée’ mmDTA + 0.4 mg/ ml |ysozyme. The SV T
Pr omega) kit was used and the instructions wer

(

concentration was thenr rdaantsemrmipnadnarnd rcddDWNAr sva s p
sampl e. Theoadigly cDNA Reverse Transcription Kit
used for t his, and i ts instructions were follo
technical replicathes awmpl e . uddhede fgPPICReavas carri ed
SYBR Green Master Mix (Ther mo F¢ehrapddSE dneentthiofd c)

was used to amRGR/ zre¢ @uhlet sSRT

nmMm



Chapter 3 Evol uti onar v-RBYHh ami C S
system

3.1 I ntroduction

Our current under st-RAYMT ngy otfem hfreasREPPd Nn e xt ensi
chapter 1. However, due to the significance of ¢

summari zed here in a concise manner.

REPI Ns consi st R&EP tswa useampcaersateedd by a pBR.aALTelre se gl
spacer sequence is highly wvariable, while the co
a short (~14 bp) 3.p pRE MIdNsoard tce cmmeeus mobi l e genet
t hat depend on RAYTs for their d[idGB,emihlati on wi't

RAYTs typicaslilnggbg@yscruags aisn a genome, simil ] t o hi
However, genomes mayi £tb®RIAT[R3 Omu | 3AL Jpdteudy of vV a
Pseudompeammemes revealed the presence of typicall
with some genomes exhi pBRlHagweapert,o tfhoeusre RRAYTISs |
sequences amadopaes ob [ee&rrhProetvhieorus studi &€s est al
fl uor eSsBew2nss har bor s [ t3liHoenwee VRRAY, Tst he RAYTs uich a@asgeém
SBW2Hd8| ffer not only in their sequence but al so
t hefnBOJEach RAYT is associated wiB8b]a different F

Studies to date conducted at phylogenetic resolu
RAYTs are predominantly inherited vefblcalBYVy,i swi
al so assumed that RAYTs and REPI Ns pé¢B2isblin5bBh
Accordingly, RAYTs that occur in different genom
al so associated with the same REPI N popul ati on.
within bacte[r3Abngientoenets| vy, analyses have shown
RAYT contain [f2er3REPPRAKE extinction in certain ¢
mutational decay fol[8®%in§21he | o0oss of RAYTs

However, not all RAYTs afrel]Asnoagi &thed fwivteh RREHAI K
groups 2 and 3 are amssescatbddwiihhdBBRPUPES 2 1i s f ¢
i E. aobi gr oRigpe Bd d momials

The majority of REPINs are d[ 3.4]eHoswedv etrh r o uhgehyo uatl
RAYTs in their [ 3n4nleTdhieastee fvliacnikniintgy REPI Ns, t oget he
structure known 3[s5.@&]TRBPRtcradn y(,Fiag . REPtron consi st
upstream and another djodwd,stREPMronst ae eRNET | co
their occurrence probablB. pacldiat @ B.k thTeh er acdli oast e so
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rel at iREéPY raormesS el ement s, especi2ad/dey® btl oe ntemea sf, a misl
described in Chapter 2POoO@Beimehlt g 8 u manatredrye dgmasll $
mobile genefil8]€Eheyneatolmasirrans pb s awei,bdl ongs to th
family of HuH enzymé¢d,3,.a 9T3hfleos et hper oR AY ™s3 )21 0690 t ssD

el ements have palindromlcl esckk qlueefntcesndct ( Ut B)e asrmd
form hairpin structures in ssDNA and[ s&]fDwe aso bi
the structur al and functional similarities, it

REPI Ns within 3tdh.e O9RBPt r on

REPtron
I

REPIN REPIN

REP Spacer REP RAYT REP Spacer REP

FigBreStructure of & tREfRitacaln RBMtsien.s typically of on
one REPI N upstream of the RAYT. Each REPIN consists o
with a spacer sequence in the middle. -EachnREBI BRNAoDnN
RNA

For Group 2 RAYTE, wbhimghemwmazctuironstRAYT hs nsttdirm REWP
been deitreci¢®(LlpHE.n co0d i RAYT binds to the REP sequ
at twqg 49i,.t &ishlese binding sites are | ocated at th
sequence and within a conserved region on the 5'°'

which consists of[4%he HHwweseAGTAGE functional

conserved tetranucleotide and the imperfect p a
di ffer eiRAYREBlyN4.@)MTshe RAYT does not intefd®i witdt
However, the hairpin structure itself plays a cr
[ 49, 50]

3
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Il n contrast t o REEP.|I Nsomadn dd i RAYcTts iimnt er acti on bet v
associated REPINs hassehadomoolwsertvedt he si mil ari
Group E2 Jciodand GrPRPuepudBomonmaAsy Ts, it i s reasonabl e
binding and cleavage mechani s m®seiud o@rooaape 3atRAYE s
rel dtseld

Despite their functional rel ati[o3n0s,hi48]c BAmpPas i db:
revealed that although RAYTs can differ signific
[ 48] Not abl vy, the catalytic center of RAYTs, whi
consisting of the HuH motif and other residues,
consefr4é&d AMAN®]jverthel ess, va-rainadtti€rms nod c ure ga to ntsh eo
across different speci-leisndiwhg cdnd mplaje4d.& Jd dhe i a c tDINA

At |l east one distingRAYDiIinmgt d rPadtuidenmomva®IEVPd SN t he
specific binding site. AsE.mebnothidoneod tahbeo wen,n stelrev eRd
AGTAGO in front of the hairpin st4uct BBipncat tthh e
sequence i s consekr.ved HiimMmaRmBPIoNsheirn bacteria, thi:
proviadnesoppotounidteynt i fy REPI N9.4 hHdwetvheeri,r astt alr ¢
Pseudomontahse tetranucleotide $O&giRPnneed amonaahsd o k d

potentially in other bacteria, RAYTs may also b
Consequently, identifying REPINs solely based o
approaPbhettdompemrmaesmes. Therefore, we identify REP
to miss any REPI Ns. For this purpose, the prog
Analyzer) first isolates all 21 bp [I85nédl s$eqlienhbe
sequences that occur at |l east once within 15 bp

gr ou®5]Thadn point mutations of the most frequent
sorted into the|[| 88FMlesca ifvreongrtolugpsse sequences, al
i solated and grouped again until 8565¢l1 fmorwo sefguene
bp Il ong seqguences occur within 130 bp in inverte

[ 85]The most frequent 21 bp sequence of each gro
popul @8.5pn

I ndi vi dual REP sequences within a given REPI N gr
spacer sequence between the REPs wififd®d0n &1 ,RE®P2)N
However, REP sequences can undergo|[ m@ilHdwctahe D& s

modi fications occur, how quickly these can happe

For our study of RAYTs amwdeREBINMiemmewes anBhiyz eal I

us to | earn more about the variation in the numb

no



relati,amdhiapsoci ated REPI N popul ations. hwe al so
l ocus of the 25 genomes. T-Bvsalahltewedrusutoenevk
t he RRRY¥N syshPtseenu dionmomass already described above
have so far assumedsitnigabtpgyR®M¥ s bxit st has i f sever
in the genome, they are funddment &blliIFw BRihfefr aroe ret,
assume that RAYTs are generally transnmli, efldhjvert
addition, we assume t hat RAYTs t hat are similar
associated with the same and only one REPI N pop
di fferent | ocations in the genomésantheamassaoicf faer

di fferent REPIN popul ations.
3.2 Results

3.2.1 Number Pxsfe uRl/oYnose a snme s

We constructed a phyl ogenetfiseudomaeer awsriersg falolm
Pseudomonas.com via the %5890 phgyluoei amrppbpebientas
we randomlPysevullosngenemes from the phyl ogRnetic
fluor eSBoWN2bs The selection criteria aimed to capt
mai ntaining a balance between phylogenetic proxi
the selected 25 genowmeasopisnclucdienlg uSBW3p .4]e UBC:
I n RAREFAN by +BLAST (Basic ,abtaRAXITsEgofmegt oBGpast
associatedPRAYdse mo maesr e i[d8ebn,t i FTBhje ¢ al |l owed us t

previously stated assumpti os caldompatadsme sumber o

The analysis revealed that nearly a)l theseml g
exceptioms |vuatGedad199P5 dndi or MG cehx9, which | ack a
remaining genomes contain between ond. a®@@2t hree
anée. virp2EX0,avaehi ch harbor four RAYTs weach. The
genome is 2.16, with a median of 2. In total, 5

genomes.
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Pseudomonas genomes RAYTs in genome

P synxantha 30B . .

P sp. S10E .
<{ o Y
P, fluorescens PS663

P lurida LMG 21995

P, lurida MYb11
P fluorescens PS683
P sp. p4F8

P simiae 73148

,— P fluorescens LMG 5329
L Psp.FHI

P, fluorescens NZ052

P sp. NS1
P sp. p8D11

P canadensis 36C8

P sp. 52 E6

— P marginalis ICMP 3553

.Ij P marginalis PA-2-2B

P fluorescens U140

— P, fluorescens U114

P sp. QC2

P viridiflava p2E10

P sp. OV546

P, fluorescens H21
Nucleotide changes per site 0.01 p——r—

P, fluorescens SBW25

FigurePhyl ogenetic tRseeeuddBCaE e mds 2&bnd presence of RAY
genomAkmost alRsewdemdtrealsi ns contain RAYTs. Only two g
any RRYTE2 &EndvirpadEXf0 awant ain four RAYTs.

3. 2.2 RAYT phyl ogemREPdmdds taesrs osce gau eendc e s

A phyl ogenetic tree of all 54 identified RAYTs w
alignme®it[ 85Ailqnq. addi ti on, al l RAYTs were divided
nucl eotide alignments of the RAYTs of an upstre
intergenic space were made iin Geneious Pri me.

mat ched, for tt hewemestgrpaped together. Thi s cl

designation ofiJ RAMdwgveupst Ae genomiR. snpeGHMOb20o r h o
0O could not be analyzed because this RAYT was |
contain enocaghostgiuee of the RAYT. This RAYT was

on the genomic |l ocation of the two most closely

ne



of RRYTspm2 E6 O was ambiguous, as only parts of
the closely related and grouped RAYTs, while oth

Additionally, each RAYEPWENS stasrsoséqtewncaeavi tihdant i
RAREFAN and through maRBUPaiMsteéli neemgmnéeéncdheorresp
most abundant REPI N sequence (21 bp |l ong) within
to our current knevAlYaldgeg sdafemt, h e aRBEB KR X\ attha no noen | y
REPI N gr cREpP.ImMThteer s edibehrec RAYTs arwi alssioci anedgr
(i diem. ;t he same genomic | ocation) can dREPEN sl ic
master sequence to the entire group of RERY Ns, nu
master sequences in thREPpghRMeougprwergumadce dmd d he
of RAYTs was <created. However, there are groups
but form two phylogenetic clades in thbaRAYTRe of
group were recognized as RE®bDWarsatuesse.quiemtcehonrs tcthe
whol e group but for each subgroup, was deter mine

We expected that RAYTs that are rel at edar & ol iekaelhy
tbe associ atedREPIMAst ke sameence. However, our f

align with this expectation. Bel ow, we describe

3.2.2.1 Group A

RAYP. 85p.E6 2 is the most divergent among all i C
di ffers significantly from al/l other RAYTs, and
ot her RAYT in the dataset. Consequentl vy, it f o

Further mor e, nNo asRbBRImMatsedr RERIQN®noce could be i
RAYT.

3.2.2.2 Groups B and C

Both Groups B and C conform to our initial exnp

genomic | oREPIMAB,t eandequence characterize each ¢

3.2.2.3 Group D

Group D presents an exception to our predictions
pl aced the RAYTs of this group into two distinct
D2. Despite this divergence, R AsYaTme f g eomp nbioct hl oscua
an®REPImMaster sequence. I nterestingly, Group D2
similarity to Group E RAYTs than to Group D1 RAY
hypothesis that RAYTs wi t h anwiltolgiorust lseegs@me e g €
|l ocation and ar e ReEEsSPImNdcd tadre ds evqu ehn wen.e Fol | owi ng t

nz



D2 RAYTs would have to shRhRERIMMsgenomequéncattoge
E RAYTs, which they do not.

3.2.2.4 Group E

A similarly unexpected pattern was observed 1in
segregated into two distinct clades (E1 and EZ2),
Unli ke Group D, however, these sulREPdoNpst earr e a
sequences. This finding contradicts our iinitial

significant sequence diversificat jyoent ahnadv eo cdci uf pfye
assocREPéMlAst er sequenceREPHMWdwer ,setqglueences of E
di ffer minimally, even if it does not directly a
REPI Ns REROMNast er sequences described above, t he)
position. R&W® émdhesrt,e rt hseequences of E1 and E2 over
nucl eotide in the overlap; E2 contains.a cytosin

E1 GGAGGGGGCTTGOTLCC

E2 GGAGGGGGCTTGGCLCCG

Fi guwurREPI Msmer sequences of RAYT s ubggTlrho®uippRsIinNeEd4t emd E2
sequences of E1 and E2 differ by three nucleotides
identification oREPmhB sRERI N qaurechctechean | ead to very s
sequences having diff eREPrirNastt@ar tse@ueremas .slifdive t he s
within 18 nucleotides with one exception. I n one posi
in E1 (black rectangles).

3.2.2.5 Group F

Group F aligns with our expectations, as its RAY

l ocation, and a R&EPRIiIMpause eas sscecgiuaetnecde .

3.2.2.6 -Group G

The RAYTs i nJ GrroaugpesntG particularly intriguing res:s
t he sRHERIMaster sequence, they are distributed
| ocations. Their sequence identity reflects this
sequence identity tending to share the samet geno
greater sequence similarity to Grb,updds RiAtYdst hba
sharing RBBEInhssmer sequence ThsusGr athpe r esJuldios f or

not meet our expectations that only very similar
t he sSReEnPAMMI st er sequence. This is because-Ji,n t he

nT



RAYTs al soREsPHmENE £t ear sequence and thus a REPI N p
each other in their sequence and are also found

Phylogenetic tree RAYTs RAYT Group Master Sequence
P sp. 52 EB 2 A -
P sp. CHMO2 2 B [GTAGGAGCCGGCTTGCCGGET
P. sp. FH1 1

[ canadensis 36C8 1 C | TAGGAGCGAGCTTGCTCGCGA
P fluorescens NZ052 0

- Psp.FH10
sp. QC2 2
- P viridiflava p2 E10 2
- P marginalis PA-2-2B 1
- P fluorescens U140 1 GTGGCGAGGGAGCTTGCTCCC
- P marginalis ICMP 3553 1
- P sp. OV546 1
- P fluorescens H21 1
? fluorescens SBW25 1
- P fluorescens U114 1

Nucleotide changes per site: 0.1 —— {

Figué:e Phyl ogenetic trREPRI| MNarsdeps,seagqmuences of RAYTs
Pseudomogneanso mefsh.e phyl ogeny of the 52 RAYTs i s based
( RAREFAN) . RAYTs werelJphbhasédtongtbaeps fgenomic neighb
highlighted in different coREPrisNhdteprernseqgquyemane.t hRAWTSS
D1 and D2 share their genoRERIMact @i sreqakthbeasgloci e
phyl ogenywemuti & two distinct clades. The RAYTs of gr ol
but their REPsndhcsitaetredsequences differ s4J ghaveg . diRfAfYdse
genomic | ocatamss ol Rtk Pénilibasrteer sequence.

3.2.3 Evidence ofPsHQTd conigeBRaMe¥mMeass i n

According to our current knowledge, HGT is very
phyl ogenetic relati BPashdpepaoamecnReAsy Tst wati ¢ dheand r e
to the relationships of thewegreeeomed.i ket yt HiGAe @ v

ny



RAYTs from groups aG, IDwikE, HK,esk,rianed ilihit 8ei hdi ta

t hat HGT occurs much more frequently than previo

3. 2.3 . dmdddToup D RAYTs

As described earlier, the RAYTs in group D can I
and D2 RAYTs siR&Pé Nt ma sd & meende qgueeenroared ¢ | ocati on,
sequence i dentTa yf rFtilger i nvestigate their evolu
di stribution of DIlPsaeauwd ®OBpeRdteymless7a(chiGigssen t he ass
vertical i nheritance of RAYTs, we hypothesized
would <cluster phyl ogenetically apart from thos

genomes to segregate into twoddiomtwhmetthemhyt gy ne
D1 or D2 RAYT.

However, our expectations were only partially me
could be phylogenetically distinguished from tho
a strictly veThpgthtcyallod enrhye ra ft amAYeT.s i so fn otth ec -ognegnrourreen
based phy( Pigediirce RAYTs in groups D1 and D2 oc
|l ocus, each genome can harbor a maximum of one |
of t HPese2dlompermesmes contained RAYTTheHoweDé&r ort b |
phyl ogenetic group containing genomes with a D
RAYT from this group.

Furthermore, the presence of a D1 or D2 RAYT within a given genome did not correlate with
phylogenetic clustering. The phylogenetic group harboring D RAYTs could not be subdivided
into two discrete clades corresponding to D1 and D2. Instead, the distribution of D1, D2, or the
absence of a group D RAYT appeared random. This finding contradicts a scenario of purely
vertical inheritance and suggests that HGT has played a role in disseminating group D RAYTSs.
Multiple independent HGT events and subsequent lineage-specific RAYT loss are required to
explain the observed distribution of group D RAYTs among Pseudomonas genomes.
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Group D RAYTs Pseudomonas genomes

[ e 3081 | [ Pspt2Es | 4,7

P NZ052 1 —
F sp. p8D11
P canad. 36C8 0 BT [—
—
P flu. NZ052
P flu. PS663 0 £ ap PR
> 5. —
1
P . LG 5320
P flu. PS683 0 Pep P
P flu. PS683
[ emeses | — -
R lurida MYb11
P sp.NS1 1
[ Peonstt ] R lurida LMG 21995
[ RspsiEl | [ PspcHMoz |
P sp. S10E

Nucleotide changes per site 0.1  j—r—— Nucleotide changes per Site 0.07]  j———

FigurePhyl ogeny of Group PB eRAYTsy rarwdmeosf ctabrer Yhag t hem
l eft p h ytlroegee netdws RAYTs of group D1 (yellow) and D2
(grey tTheanmhyediogRAYTs i s based on nucleotide ali gnme]
(UBCG) shPwesuddhdmpearmesmes carrying a RAYT fromrgrmaup D1
RAYT from group D (white). Ot her Pseudomonas genomes
phyl ogeny shows a <cl ear di stinction between group D
phyl ogeny shows a disordered dupsrDhueahdnD@8f RAYS ¢ al
HGT of RAYTs from group D happened multiple times.

3.2.3.2 HGT of group E RAYTs

Group E presents a unique feature in thREPINMNal ysi
mastseerguenchks previously described, Group E consi
While RAYTs from both subgroups occupy the sam
phyl ogenetic6)cl|l ahes (dhPieg. not me et our expectati
al t hough fpohrymionggg ntewop € , have the same genomic | o
REPI' N maesdqweniaormsn.g t he 25 analyzed genomes, 10 c
E2 RAYT.

ThBREPI N mastes asgoaenated with E1 and E2 were co
determined. To refine the computational results,
more prevalent within the REPtron of the corresp
the RA&TIi ta:m nei ghboring REPEWhet iBr seathoRAWT uknN
E2 is associated onl yRBEARItN ntahset ea o riieeqsupeomoaies thegd t
according to our current knowl edmgley albheo uas sRAXIT&Et e
one REPIN popultddREBhNamdstbadussequence

I nterestingly, in nearly al/l RPPt syms38d) h &1t ovop

REPI' N mastes wsegqeemndenti fied. One sequence cons.

P M



within the REPtron, while the second appeared ¢
REPtrons of both E1 and E2, although the dominan

Depending on which sequence was more frequent]|\
designat e®REBBEN tmasterf srequbate subBEBUN. masese
sequenace ffer §).i ghNdtyab(lFyi,g.whil e E1 RAYTs are pr
EIREPI N master sbhgyueaktseo exhi biRERIOMNmadti @/nss d@ud

and vice versa.

I nterestingly, WwWi.thkyni8d B¢ habEeR IIERnmadt eri ssaenpuenc e
prevalent than E1, even in genomes RBRBRLIBIi masgeon
seqguesnaag e significantly more frequent i n genome:
the REPIN mastes seqgseéenceate an%avbrRBRI Mfmais2t. 3r0
seguenden the genome. I n contrast, when an E2 RA
REPI' N mastes Bsquedoe®xd to 24. 64

RAYT REPtron of

Group Genome Group E RAYT Percentage of E1 and E2 Master Sequence

P synxantha 30B

P marginalis ICMP 3553
P fluorescens U114

P marginalis PA-2-2B

P fluorescens U140

P fluorescens SBW25

R sp. OV546

P, fluorescens H21

P sp. QC2

i

P, viridiflava p2 E10

20 40 60 80 100
Percentage (%)}

o

Fi gure Rati o of REPI Andhag&Rers skRhgeaecdcmgreasmédse top 5

genomes | isted have aanRdAYtTh & nb cstutbogm o5 pg eEnlomes have a
E2. To the right, the REPtron of the RAYT (white arro
the closest upstream and downstream REPINs). There we

theREPI N mastes séquberceorresponding groups. Those tha
REPtron of ®EFPIN EhhstkErl) swquenmarked in blue, and tho
freguden in the REPt rREPIN mparsdwep )BquEeh mar ked in red.

of the REP sequence could not be clarified, this REP
shows the percenR&@®é NofmaEleandegRbeceorresponding gen
tot al nuRE®I NofmaEt es) sedhens®!|l id black I ine shows th
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REPI'N mastes ¢bluephcen the genome group with an E1 R
mean percenRBRIeN oha<ftles §$§bfHuehcén the genome group Wwi
A possible reason for the association of E RAYT:
occurs more frequently in the REPtron of one su
closer | ook at the REBTt oopsulfdr gom otvhied eElananidn dE 2c at
9 . For this purpose, a nucledti deéualilisl mamsd tolfe
E2 REPtR.onf lod oS BRWZZ2 nisn Geneious Prime was create
beginning of the two REPtrons are very similar
contrast, the posterior parts of the REPtrons d
only have sa pdenwity of 76. 8%. Thi s di screpan:
evolutionary trajectory of the E REPtrons. One
recombination may have facilitated the transfer

exi sRERtgr on.

94.2% Pairwise Identity 76.8%

Figux e Pairwise identity of padt 6§ fseifgsniE I iAa andutclHYe oRE Bter
alignment i Ar iGeénewso us hat the REPtfdoan&ed@rprEdiPd E2 (
fl uor eSSBoW2rbs) are very similar in one section, whereas
The REPtrons consist of the RAYT and the neighboring I
and one spacer sequence. E1 REPbstequande&E2aR&BPRA¥Guam
RAYT are marked red.

More evidence for HGT is shown by Il ooking at t hi
and their neighb®Priinfy BeRASTYH Farge transferred verl
then we expect the pairwise identity of the RAYT
the same. The pairwise identity of tPhe fE uRAYTSsC eont
U140 Rndf | uoSBEWX>= niss 83. 0 %. However, the two sur
and PFLU3940, have a praiandi 2 .i3démnt Thy some@®s1th
very similar to each other compared to the RAYTs
fact that the RAYTs have changed much faster t he

|l ook at ot her wsompharti $cdns o not the case.

The genofmesmarfiArrzaB i ahd synB88dmt da ffer relatively
each other and so the two genes surrounding the
% and 88.1 %. However, as in the previous exampl

a pairwise identitTge echad88eld ®uchf f &sRAY t han ot
P=



have expected a mugcthool.owehre vpaaliuewihseer e dRntspgy of
OVv546 Pand | uoSBEW2Zxbe®9. 1 %, so they differ only min

to the surrounding genes of the RAYTs in these t
of 98.4 % and 99.2 %. These results therefore in
nor sl omwert hteha genes, but that HGT events occurr e
Pairwise Identity: 98.1 % 83.0% 92.3 %

P, fluorescens U140 PFLU3938 >—_—< PFLU3940

P, fiuorescens SBW25 PFLU3938 PFLU3940
84.4 % 83.0 % 88.1 %
P marginalis PA-2-2B PFLUS93s > ETRAYT < PFLU3940
P synxantha 308 PFLU32as > EIRAYE < PFLU3940
98.4 % 99.1 % 99.2 %
P sp. OV546 PFLU393s > ERATTI>—< PFLU3940
P fluorescens SBW25 PFLU3938 >—_—< PFLU3940

Fi gurGe Pairwise identity comparison offThEe RAYpsardrmrsdnn &«
the pairwise identity between the E RAYTs and the nei
the E RAYTs can differ significantly from each other,
(compar Psohl o6Ulsdk eRnrsdf | uOoS BRWZZ®)n.s However, there is al
surrounding genes and RAYTPs dnafrfipdAhzaB d abh d es yna8r@aB) hxat e n't
or are similaR. tsoDeéa4B. ftldheaS BWX=)n.s This indicates th:
occurred within the E RAYTs and that the RAYTs are no

3.2.3.3 Evi denoeReAYoTf gH®Tups C, F, H, and |

The distribution of RAYTs Psewmdo meanradntell ggesat s gr «
t hat HGT also plays alfdole in these groups (Fig.

The genobPne SHAP,. f | uoNZGENMEs canalde8& isave a RAYT
group C. These RAYTs are very similar and differ

are not as closely related as one would expect

identical. The rel ati onsthh pts tolfe tRAY Tish rceoeu | sdt rtahie
have occurred in the common ancestor of t hese th
at | east 3 events in other strains of the cl ade.

transferred by HGT.
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The same applies to the RAYTs from group F. A gr
RAYT from groupPF.BEHbwgerometdaaleso has a RAYT in ¢
that the RAYT from group F was |l ost at | east 5 t
at |l east one HGT wevent dc Ewdpr.eod. amoranexasmmlre c

transmitted the RAYT to a common ancestor of t he

Al so, in group H of the RAYTs, the corresponding
in the different I|lines or, what seems moPe | i kel
spS10PEP, €HMO2 RnNnds®D11l have a RAYT from group H.
certain phylogenetic distance between these stra
of which do not have a RAYT from group H.

I nterestingly, RAYT groups | and J Rad®pP2c amtdai n
P. virpadgEXfd.av@ne possibility is that a duRlicat.i
spQC2 ®ndvirpdeEXfd,avvahi ch was not shared with ot he
Pseudompeammaseme s . However, the fact t hat the RAYTs
from RAYTs in group P, @82 &he vgemdmmES® adiaf fer o
minimally from some otherigegomep tUhatswhhumlmsa SB
speaks against t his. This means that t he RAYTs
duplication than the rest of the genome. Anot her
the gemomnsegb2 E6 also has a RAYT in group P.. This
spQC2PR. virp2ETI0 asad SBW25, Put. stgh2P RAQRISE. of
viridpi2fHBla0va n group | were not very different fr
as the rRas®@2 fdard vi rp AdEX¥Ad aocvaar ryi ng t wo-JRAYTsh in
the same aRERICNamadteri ssegqeneeore very wunli kel
possibility of HGT is much. mopped Ebkelya reliasepgo
RAYT in group | transferreR iQpP2t aPntdhvel r@ @@ na vaan c
by HGT. I't is alPBPo.p®RsEB|I @&st @2 | Pedni rgAdEXA av a
(or their common ancestor) independently gained
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Pseudomonas genomes RAYTs in genome
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P fluorescens SBW25

Fi gulrle Presence of RAPEFegdompeammABRS RAYTs present i n
Pseudomperaemes are | isted and marRKkERImMbyt eol seqaecoe di
are associTaeediwittrhbuti on of RAYT groups C (green), D
(red), F (yellow), H (Psewdpmpamamds ((bUBGG® ) phwnl ogeen e
i ndi H&tTes I n addition, the presence of RAYTs from grou
However, these only occur once, which is why no state

in these groups.

3.2.4 REPIhWNd$ocfust he

3.2.4.1 REPI WNultoictuess airre tclbenser ved

We anal yheuwtd cti h @Pfs eauldlo ngpenmracsme s b ot h manually and u
to identify and group REPI Ns. As previously desc
REPI N popul ati on and e acRhEPRBWPInm\a sptoepru |$aetqgieoen Ichear 2 &
relationships of RAYTs and REPI Ns, REPI Ns wer e
REPI' N mastes s5bBguBRAYEs arelmasaotimasedsweph.all R
be clearly assigned t o R&EPRAY Tmagsrtoeurp sbeagsueedn coen itnh et
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sequence were @rApupéd @Fisg.cobhd step, al l remai
assigned to a RAYT group @aBxorTdhing was phadadidn tt

similari REPS Nt mas heransde qtuheencper esence of RAYTs in
closely related genomes. Our primary aim was to
t hreultocus, their specific locations, and their a

to analyze whether t he REPI Ns hatecirantomlhye did
Pseudonpammesme s .

A total of 109 REPI Ns and 23huR&Ps wBsehddménhasie
genomes 2)(Fi ggkpl1ll was the onllygclge®RBEmMeNtbdbRati ts remna
i n hulteocus. Notabl vy, nearly al|l genomes contain

REPI N sites are highly conserved across genomes.
i n Hhulteocus, they consistently appear at the same

However, while the sites areaoadngepbpupd, atbhenBREPI

3.2.4.2 Association of REPINs with Group D and E
Mo st REPI Ns and t hehult orce mnoaf iPtstehued o 2n ehees me s ar e

associated with group D and E RAYTs considering
This pattern is consistEBEnDR YR YR saercdv eRle d eormrd iREgP | dNI
whet her the corresponding genome contains a RAYT

predominantly associated with this RAYT. With on
group D or E RAYT, or | acks boRAY.T OGmrloyn ftohuers eg egnr
an@. syng8a@mBtha the only straidn EwWiRAAY Thotim & hdrso s
REPI Ns or their remnants are associated with th
with the group E RAYT.

P. fluoSBEWXx%nasnd its eight closest relatives all/l
E2. Four of these genomes have a group E1 RAYT, v
whet her a genome harbors an E1 or E2 RAYT does
REPNs ihlmulttolcas s . I'n all EFns nasgeoaioaesed Wi th group
RD, URVR amtdhrR associated with group E2 RAYTs.

I nterestingly, these nine gRmnneoutkecmpaerdanes ,wictom tfaii

a RAYT from groups G, H, | or J. These four RAY
REPI N popul ati on. I n 12 of the 14 genomes that h
REPI Ni R associated with t hkefsre®mRAYITa or M@ dZE D niad |
al so associated with a RAYT from groups G, H, I

Pz



from these groups.P. ThisolsM@g®e3d®3 mowthave once |
corresponding RAYT that was subsequently | ost.

I nterestingly, SBW25 and the eight.spfhl ogentai i a
a RAYT from group Fhulbadcusof REMItNhe aetdrhenomes i s
group F RAYT.P.AdgdpFtHilo n alclkys, RRRIoMausi ml t bget her,
possessing two FRAYTss®DIMo rheassv eREPI Ns or REP remna
six conserved REPIN sites, all associated with &
a corresponding RAYF.. plghhDlsl snagg@s ey itoluatl y cont ai
D RAYT that was subsequently 1|l ost.

Beyond the positions and associations of REPINSs, their occurrence as intact REPINs or as
remnants (REPs) appears non-random. RE, RD, and RH always appear as REPINs, while RG
is occasionally found as a REP. More notably, RV predominantly appears as a REP in
genomes where it is associated with a group E RAYT. However, it more frequently remains
intact when associated with a group D RAYT.

The dominance of REPINs associated with group D and E RAYTS, the frequent association of
RH with RAYTs from groups G, H, |, or J, and the correlation between REPIN remnants and
specific RAYT associations suggest that REPIN persistence and identity are not random.
Instead, they appear to be strongly shaped by RAYT dynamics.
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Figu2e GQrouped RERIONS Bfe Pbomgra® mes and presence of
RAYTREPI N sites are conser heido ¢ in Psfexudioonpeamtacsmas . i Mheé he
REPI Ns or their remnants are al most always present i
REPI Ns differ from genome to genome depending on the
genomeé, the REPI Ns were sorted i REBI Nrmapseimnffstthegnce
respective group and coul dB,t htuhse bReE PcllNesa rWeyr ec aatl esgoo raiszse
if they did n®REPIdANr maspend $Stqquaehaesi ficati on iways. t hen
REPI NBulionci ar e bdyo misnsaotceidat i ons t ® BRAMTE.f rHomwegreauyupg he
RHi s often associated wiX.h a RAYT from groups G
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3.2.4.3 REPI N switches

As described above, we were able to shbwtachiat t h
of t Pse2®™ o mperasme s , but t hat t he REPI Ns can di f 1
i nvestigate how exact leyf ftehciteeedcpanfer mpdREBENsoOL §

of di fferent REPI Ns and surrounding s&guethane r

addition, the pairwise identity of the individu
spaces was <calcul ated. This apepreaswercotthd gles
whet her the REPINs that are in the same positi

exchanged or have changed over time through coev

We first exami Refl R.hef IREOIIeMsCRIMMESAEB D . E6 genomes to
t hiPs. f | uolUledsOc ehnass aEWHERIWN iR assi gh.eds 2t.0E 60 r counp tEhile
ot her hand, has a REPI N at this position, whi ch
probably belongs to group D. The alignment of

sequence shows that the two REBessevgeude moegs obnesl. o rHp
some nucleotides di ffer and ameupriensgponfsi bhe RE&
I nterestingly, the intergenic spaces, with 59.1

than the spacer seguence between the two REP seq

A similar picture emerges when Dwfoktimeg sdamd hgeme
as previouslIPy ddnuouitk4stcePansdsEd . E6. The two REP sequ
high pairwise identity values of 72.0 % and 80. 0
which is whyPthtl R&WPES eifiss assi gned toP.grs®up E2

E6 to group D. Again, the spacer sequence with
similarity than the intergenic space sequence Wwi
Next, we analyzdéldfPt.he aRBRERS i BndppD11. These tw
genomes are the closest rel atives that have a

grouped differertl| w.anaBbdeeCO®&E®BE S pfaced inPgroup (
spp8D11l in-grodpr 6, t he REP sequences have a pai
54.5 %, respectivel y. The spacer sequences have
one of 32.0 % and 58.3 %. Taken togeotwhmern rtefaen iort
the REPIN, the pairwise identity of the intergen
that of the spacer sequence. kcrnalEeQIFTimgtl ween hieh

upstream gene and the downstream gene (H.ncslpudi ng

p8D11. This shortening is | ocated approxi mately
t he REPI N, in the spacer region of t he REPI N, an
REPI N.
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These results could indicate that t hese REPI Ns h

have not changed sl owly t hrough coevolution. I

coevolution, then we would have expecncedas tthe Ipai
similar to that of the intergenic regions. Thi s
sequences are not conserved even within REPIN gr
each other. Accordingly, a dtdr onrak es @ lagd tdi ard apn &g
spacer sequences through coevolution possible is

Furthermore, we cof@p®redcdat pEMREBBHN3RwWi th the san
in hwtocus where no REPIPN vé&s Ei6d e nTthief iaeldi gfnonre nt
sequences shows that whePe mheygRMRI BIS58) prebhenpa
identity is relatively high. This is particul ar/l
second REP sequence (P36 5@%WE6 lbhceebdbms h&KREPI N at
which has disappeared duergeninmgt apacealupdécapm D

is with 69.6 % pairwise identity relatively si mi
to the pairwise identity of the extragenic spac
However, this | oavi vad ulry ctalme bfeaetx ptthat this inte

i . S5p.E6. The neighborihnigogenkesanfe@ualss devemhyey di

Further more, we exanm.nedanatlee @®ii theaswh eiidea REPI N R
compared it with., tEikel, 6 s anhei cshi tdeo eisn not hd&vesREPI N

FH1 the intergenic space i s much shorter. The tr
sequence (PRERIaM a’deet8)i,s whi ch is why there is no
genomes within the REP sequences. However, t her €

spacer sequence and 43.4% in toHe tihret eRrEgPd Mi, c dreesg
truncation of the sequence in this region as we
REPIN in thPs Bk, tdroni fi nit has completely disap
REPI N was insertedP.atcatmheddBosThionwonml d fit th
REPI N bel ongs o grnoa{é@®mssibmads a RAYT of Pt hspms. gro
FH1.
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REP REP

GGGGGCTTGCEMC GA CANNGEG TCRG TEAGCREGEC
GGCTTGCEMGC GATRY: C AT TC G TREGCENGAC

Spacer

-AAATGTG GENGECTTGCCHGCG AMMACGGEGIEMNT C GIETA/AMGHGET C ABACGCEGOEATCGEEG TCCCACAMTTG T MCEGGG AAI/-A AATETG CAG
WAANTGTG GGNJGGuG[quC_CuA.GGI au. GITC qT.G .A_IT¢ CTJHA \CHCEG(EATCGGGGG LMAQCC-ETC( C.Hr” GTT THTGEGENGENNABANAATHETG C( AG

REP REP
c 32.0 % 65.4 % Spacer 54.5 % 58.3 %
35.7 %
NN 1l INE N
A MolAs E B o JaT G BT Toclk AMRAT G AAD AT A il Tl
™ TETof BEATE o & GooaclATs BT i -cl ST Tocliclk -mkm.l—'m Mo T
D
| BN I NI WETE I Ei Tl HE 1WA 11
— — — —
280 % 360 % 8.8 %
Spacer
REP REP
E
| 1 | ||
29.7 %
0.0 % 0.0 % 43.4 %
Spacer
REP REP

Fi gulr3e Nucl eotide alignments of mREPUNomPomsasd mM&BsS in di
shows the nucleotide alignments of different REPI Ns a
nearest upstream and downstream gene (gray rectangle
indi cates whether the sequleeicesqgumancéds adnd htilse prosdltea
were created in Geneious Pri me. The black outlined
REPI Ns and the numbers indicate the pairwise identity
compared REPpPpNesént) belond: tRERHINP.R fdnutoU tedsGemeg) oup
E1) (upper skR.gush.ce6) (agnmdoup D) B I REEPDINB.RgsuFe.nEc6e )(.gr oup
D) (upper seRuefnlcregu kabritde hgr oup E2) (]l ower sequence).
right indicates that the interCge RECHINP.Rcoean a3dedCsigser
(group C) (uppeP. sp@bhkhcEeg-rJang |@wer Dse REPEMNs)Rnot
presemlmt 5P E6 (upereacge)s,eqgbut Pi smargEM®Lt B6§63 (group E2)
sequence). The black arrow and dash indicate for whi
cal cuEatREPUINN.RBIF1 (upper sequenceB. hcaasn a3dbeGREIRPIgN 0o ulpu t
E2) (|l ower sequence) does.
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3.3 Discussion

3.3.1 RAYT numbers

Our anal ysi s Pde wRANMpamame2s5 showed t hat nearly al
mul tipl EFRYTshe average number per genome is 2.1
t wo or three RAYTs. Some g e nloantekReAdhTasd efnetwerre | yan
maxi mum number observed was four RAYTs per genon

studiRPse wdo mpermesmes?2 |

When multiple RAYTs are present, they typically ¢
as seen with ty[p3c,al3nNnradsposoms the existence
can only be explained byb5&hl adeach agendme ¢ ore
up to four RAYTs along with their associated RE
functi ons. I n I'ine with thatPsegirdoum nesRAYITe , b evhin
abundant than other RAYT groups, Jbdd®Ostrti mgsglt e
could support this hypothesis with exceptions.

One exceptR.omM@E2s Anhdavti rpg 28 ¥d aeveach have four RAYTS
are in an aspect similar to each other. These tv
with the same REPIN population. Evefnorinf dtifdsa ek

clades by nucleotide alignment, this contradict
RAYTs occur in the genome&,l]Aheyedstfen shenirf REE
and partly also in their sequence, these RAYTs a

I nterestingl y, P.solmleMigded b e 4fnlduok MG cB88B29) do noa
contain any RAYTs. These genomes | ikely had RAYT
This conclusion is supported by phylogenetic evi
contain these RAYTs. Addi tRiIEdPn aNlsl yt,h atth easree ¢ eynpa nceasl
with RAYTs found in related strains. However, it
RAYTs. This may be due twhitdhe telteod e g3 tovddeirnes ddhes
unknown benefits of RAYTs (and REPI Ns) may not b

3.3.2 RAYT phylogeny and HGT

To investigate the evolutionary relationships a
construct a phylogenetic tree based on nucleotid
categorized the RAYTaddtndronibieeodup g REPdINE S WV er

sequenclete he most frequent sequence iMFitdh.eWassoci
expected RAYTs to form distinct phylogenetic cl a

and assBEPhNetaster bBegwaeace our results reveale
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Thus, RAYTs of group D form two clades (D1 and D
same genomic position and are associated with ¢t
RAYTs have even more sequence similarAndleysziwig h
the phylogeny of group D RAYTs revealed another
subdivided into D1 and D2 based on phylogeny. Si
vertically tr ansPsietutdeodmotnvaesi eaxsp ®@nhedi D2nBAYTs to
the phyl ogeny of D RAYTs, forming disti[n32t] cl ad
However, this was not the case. Il nstead, the di s
acr cPssseudomomnmmaasi ns, suggesting that these RAYTs
everntFs g. These findings provide evi denRreevoifounsul t
studies did not investigate HGT at the strain | e
is rare and of [BR2nobli mp8rt aage

The results for group E also do not meet our exp

two clades (E1 and E2), although all E RAYTs ar
addition, 9 out of 10 group E RAYTsoms ebacaswsd alka
REP sequences occyrFi8gn ItnhemierarREPtaridn cases, one R
three times, whil e (tFhieg.oTt8hjesr raaptpiecarrse noanicnes consi ¢

E2 REPtrons, with E1 RERtquuems ef awnmar iERg REPe r REBER
other. Additionally, genomes containing E1 RAYTs
REPI Ns than genomes with E2 RAYT,®.xcHpweswenrx,a nitnh an
S30BREPI Ns aswbtlRratReAdr Ts wer e more abundant over al
RAYTs are associated withbewoeRBEREHNGpPpoOopuEkati onsw
only parttrom whe RERNsferred.

I n addition, the pairwise identity values of E
genomes do not fit with our expectation that th

(Fig. THi)s is because these results showP.t hat e
fluor eSEWINSs Rndfl uoUkE4@ensan have very di fferen
nei ghboring genes are very similar in both genor
we would expect these RAYTs in the genomes to ha
other as nenhgédboHowgvegr, the fact that this is n

only by HGT but al so by the fact that RAYTs =evo
RAYTs change faster than surroundi a03ge@nepr eéci ®e
beaxustehe RAYTs in their study also differed more
[ 34]Howewvwer anal ystlsatshtolwiesl i s not al ways the <cac:c
show results in whsehddmothasi hy Psehhat @@h2aB i s

ane. syng8a@mBthave quite different E RAYTs, whi ch
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each other as suUFirgunnldd)indregeRMM&ds evolved faster,
et al . 2010, we would have expected a much | owe.
to the surroundingngehes. exampldeiitlilbmstrates t he
such as PP.hoeyéd46fPand | uoIBW2x5 ncsan al so have very s

in contrast to the fgesomesaswi descel plraly emwhemryse

di fferent E RAYTs. These results are an importan
in E RAYTs. It is also possible that in the RAY
reason for the | ower si mil agrhibtoyr ionfg RjfeYnTess .compar e

Al so contrary to our expectations are the-result
J. RAYTs in groups G, H, 1, and J all associate
l oci and showing s e(qruiegn.cCd yd ievxeprescitfaitciaotni owmnoul d ha\y
RAYTs would also be associated with different

sequences and different | ocations. This is not t
sequences of t hee s@i VRAYGTesd ,fhuiatvbei on al domai ns, p
interacting with REPINs, have remained | argely c

certain regions of RAYTs proteins are hiidg®BlLy col
49] In addition, HGT events are also |ikely for R
t hat could explain the distribution of RAYTs in

events, seem possible but | esysTsliikhelgy.ouPphli €€ alngdo
HGT events also provide a |likely explanation for

3.3.3 REPI NdGultmesiude t he

We analyzed the occurmetocceu soRc feRIEZPS "denreiesmMmetsh e t h e
association with RAYTshulamau st hies rhipphsliyt i @marss e rTvhe
when histidine is the prim@&6yPrcavibowms anlds eii ¥ &atoige
a REPI N downstreahmtathdudtygee ned®u plhe d oS BEWZX2.nsHut C i s
a key reguhuttoerusofantdhe nfl uences magmly,otblBdlu Ddgd n e s
plays a crucial role in histidine met[a6tb5]ISissme bu
REPI Ns can affect protein synthehsuitoecubroegivegani
relevant starting[ p®0,nt6 5F,0r68,ur9 7a,nad8ljsi s

We found t hRde mceanmgpaynanels contain exactly six REF
wit himulttohcdulsilgz.) These six REPIN positions were h
sequences and associated RAYT groups varied de|]
genome. This suggests that REPI N pbealtddws, nwhipll e
sequence variations, particul arly i n t he i mp el

interactions with RAYTs rather than function per
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Mo s t REPI Nsultiomus hevere associated with group D
genome. However, in genomes | acking a D RAYT bu
were associated with E RAYTs. This pattern sugge:
similar,tiidalnotf urmetni ons with their associated RI

are phylogenetically related, and their associat

The possibility that REPI Ns are exchanged, by RAY
and the REPINs do not chaegms thrkbelgh. clomvolbut iac
alignments fofomREFPIKN®rent groups at the same | oc
example, the spacer s egfureonnt eesa cwhe roet hneorr et hdai ns ttihnec ti
(without( FRBEPI N)3)we expected the REPINs to change
have expected thetepabangseaqtre micheasntteh bxalionvbeer ge n i
regions. The spacer sequences are not conserved
[ 3.@0jveral I, our results suggest that REPI Ns are
RAYT appears in the genome through HGT. This exc
However, our analyses can only be understood as

due to the anndalllarsgceorpeanal yses of this kind woul

The predominance of REPI Ns assoltultaotceuds wsiutghg el tasn c
these specific REPINs and their associated RAYTs
Al ternatively, the frequent occurrence of D and

within the genome compareuwpgs.o REPI Ns from ot her

I nterestindliy, tRPpRICMIRY associated with RAYTs f
suggests that REPI Ns and their RAYTs may have di
containing multiple RAYTs. However, in genomes |
REPI N Hfiten associatedswggdstai ggotuipaD BARAYTsS ma

role in these genomes.
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3.4 Future directions

To further explore the evolutionary relationshirg
should incorpeeseudoadnB.si galad meser ef ore, we coul
additional genomes and RAYTs to support our find
is much more common in RAYTs than previously th
t hought we knew about RAYTst hparno viansisttimel i eya mor ea o o
be generalized.

Whil e our analysis provides halteobsd exaemvhewgoRE
ot her genomic | oci and comparing them tnooroeur fi
comprehensive analysis could determine whether s
at speéwoicfii cor near particul ar genes. Thi s cou
overrepresentation ofhuDoaunsdg Es R&PIl dsal nzethiepheno
a broader genomic pattern. Wwaoulad dbdati toemr, eax glaaigrer
REPI Ns are exchanged when the corresponding RAYT
by HGT.

3.5 Conclusion

Through phyl ogenetic anPasleyusdiosmpenfacRAYTs wer gqmai 2% d
insights into their evolutionary dynamics. Mu ¢ h
RAYTs needs to be rethought. For example, we pre:
copy genes and that ifnttheeegamemenul they eaRAYVT &
each other in all respect s. Further more, we assu
the same | ocation are also asistotti ahedRBEPLN pbapu
Accordingly, we also assumed that RAYTs that dif
al so associated with different REPIN popul ati on:c
only a minor role in thecuwristonlbwtvemy of amRAIVYs a
Wi t h our anal yses, we wer e able to show that R
t hought . Even very similar RAYTs and those foun
associated with different REPI Ndpbpet at nossgu€ni
have dgenhomct | ocations may also be associated
Furthermore, RAYTs can be associated with two RE
more common than previously thought.

Within the FREmRIONs sdemwerhset rated that they are not
but |l i kely serve a function. However, t he exact
appear to be crucikRdr tfloer mori si pPREPloNe beecompl et «
by RAYTs and do not wundercgooe vsdlowmt iacdna.pt ati on t hro
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Chapter 4 : | mpa®RIAYDFf syBeeREHPhNTt h

| ocus functional ity

4.1 I ntroducti on

I n the previdemoanlaptaerd wdhat six REPINs or thei
the histidine utilization (hut). |Tlaisr ofosi.tifdmuD
conseamedg 2 Psctudeormpenraesmes. This finding raises
functional ity i nhulthoec utsi.gHttl yi sr epgouwslgaltladyde at I &tg utl ae
role in affecting gene expwebthi omgeloRdeXIpslbolrye itnh
possibility, tot fissnheseaesmmaryze itrhge odiwrttoleeuts ' ande

functionality and regulati on.

/

RE FlC DRD|URUT, X W V RV H, HRH T, G RG

Figude AQomposition of thehhitstodusnei nmtPli tatTihers¢ens
REPI Ns (rectangles) and their remnants (triangles) ar
an ARO for REPIN, foll owed blyulttohceu sl egtetneer (oMhitthee e X tr
Arrows indicate the tr amudtoorcifusb] onal start sites of th

4. 1.1 Functional ithwd@&maesregul ation of

4.1.1.1 Degrading enzymes

ThbultocuBf lodior eSSBeWwbs mpr i ses 13 Qrarscili npithdjeal ur
These three tranhiaihFuptt,GDEmMEUTK WIYViHETd Gaa.%e]Fi ve of t he
geneéuthFutlu b Au,t lahnud,t Gencode fordegrziydstsi dihrme i n t

step pat hway.2(Fi g.

hutiHRP. fl uoSBEWX nsncodes for the histidase, resp
degradation|[ @5 ,. h9T%jei chiirsed i dase catalyzes the 1|ib
yielding urocanate as the [fT7T2st99 ntn0ebnjedsita tneg | o/f,
another gene di hatgith ySBW25 r(eaanndi ooft her Pseudomonas
protein shares 36% seqW®PenoetHiudsethari ¢ sy[ . BYHHILtHH o f
seemot to have the same functionalitysasnkKoowa,
[ 6.5]

The next enlzwmd hiwayt hes ur o damuatfld 5, e .2 pldreodclaln a s e
catalyzes the formation of i mi dazo2onéO0bpy 6pl bow
Il mi dazol one propi onatwhihgyhriod astebdd Pethesleyes | P to

formi mino glp6amav7.2f( E6GB) upstream enzymes are ac
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the bacteria may be ptohes osnpeadnt apnoesosu sb | dfe kdoyrep IotGdH t i
104] FI G is metabolized to formyl Iygbpataimaag] ( FG)
Formi-mimbamata i minohydrol heepFcivbaebsi aneambdedg
FI G for t h[i6s5 ,purr2p,oTsted 5Ff esul ting fbemylhydiookt amat
glutamate and fforgnal teaabayit cétothey dr ol asdue[acD,ded2 by
106]

HO_ _O HO_ _O HO_ _O HO_ O
HutT, HutH HutU
HNTY  ----- o> HN 2 N
NS N NH NS H20 N o
LNH L NH ’ LNH L NH
histidine histidine urocanate imidazolone propionate
H.0
| Hutl
extracellular space cytoplasma
HO. _O HO.__O HO__O
HutG HutF
o] o]
(0] HN HN
OH O NH
glutamate formyl glutamate formimino glutamate

Fi gurse Hi stidine degr aPdatfilauro Spadveiemayw pited from Bender ¢
Zhang et Mut TROO hyafhighty histidine transporter. De
catalyzed bHutHUt HHut | , UHut fa tgdriut dHma tGe apnrdo dwoenat e ar e

4.1.1.2 Transporters
Thaultocus encodes for two histidine tr[atnss,po?dQ,er s

107] HutsT probabidsympopteromwi th a hidl73iEXfpieriitme ntt s
have shown that SBW25 ihsutsThowednugr awwt h Wi shodi
carbon and ni[t7rddugtexXmVivscoowdrecse f o0y pantABG@Gsporter and
with HutTh, involved in histi[ddhne 7illée apregibsai n oHIl
the -Aifghnity transpdOfjer of wurocanate

4.1.1.3 Regulators
Regul at holgodithse i's compl ex. One of the main regu

regul at es t hehutthro e ,€ DanudUTDoWVsH, Tl G 6 5, 68Lt9@]lnds to
'"s operator siteshutt®ByudEBBYOHTRi enet heguot
regul ates its|[] MnHosvwerwtehesiHut C al so binds to mu

hultocus

genome of SBW25 and is-aadswoaragetiatwi oh ohehupdr

2Y



[ 6.8]Experiments hatv@| howm tshatains grow faster a
type of SBW25 in a medium with histid[lia®]Tehse t he
faster i ndluweltoicouns owi tthhoeut i ts repressor [[65]probal

Urocanate physi baltdcus ngfaseeasd dtmoinals, 106, T1TbBbe8, 10
presence of urocanate | eads to the dishsubtocatsi on
[ 108]

| Pseudomontahse hgeibder anscri pti onhautltGhec ofuplsett egteon e

oper[o6tb]Thi s coupling implies that][ 6.681H0o vad wer ,h atsh
specific function of HutD remains unclear. One p
t o pr evheulttoctulse genes feamr bp6.BYThoivserhypot hesi s s
Hut D possibly binds t o[ 6.6 pAcacnoartdei nffgort a htihse phuyrppootsl

is then |l ess |ikely to ensure the di shutoicaitsi on
[ 65hJue xpression is restricted as a result. Exces
potentially toxic concentir&dthijoms | ohei wit acaelhlaul,

have shown thhualtlz alded etto nmoorer growth and | ower f

hultocus i[s6.5a]dHoiwee e even though high ammonia c
bacteri al cell s, it is wunclear at[ Wht2] A ofnwcretnh e ra
problem with this hypothesis is that there is no

Structure analysis showed that -Hot-xgl st anm&the sno( &

hugat hway intermediafdl3ihan to urocanate

As previously menti oned, high concentrations o]
degradation can beetsexinei aThaemefmarn et aiitn itdre bal
hultocAs already mentioned, Hut C and rporloeb aibrd yt hail ¢
However, t here ayrei ot ddHluttrde gannlda eHaurt D : Cbr AB and |
is acdmmonent system consisting of the membrane
regul atptlL£JcbBB binds t dutt®den pmediodrmr wiotf h hi st i
sol e car b[o67 ]sTohwer cper -ditepre nide nt under fiosntdiidii mensi
the sole carebsogbs@@ufamcti ons -hendi ag|[ pbpAte htahnec e
same timeyre@PbeBse&as t he huwodnnzsylnaetsi obny oafc tidtvehitn gng t
RNAs crcY [athd] Thres2 bi ndHf Qocompl €x C which cannoi
trans!l ath wiRNAF6.7t]IBB8 W25 cannot grow without Cbr A c

when histidine or urocanfa6.8] i s the only carbon s

Howevehudnhyeymepr ade miancatnitviayt ed by Nt r BC when hi s
source with another carbon source t[harq ThhuetsU i di n €
GpromoterG70depbéerdent, and Ntr C [b65n,dsaNmljsBaanenNal
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are subject to auspacme pgradnad| GwihiHelteG Hut C pos
acts as a governor to prevent excessive activati
thédutl oci6.7] However, t his repression probably C
concentrations when HutC is abundant, thus ensur
many ot her genes i[n6.Alhe Ntr BC regul on

4. 1.2 1 mportance of htuhecusegul ation of the
Théuktocus is crucial when histidine iHS stsednaes
met abolHFA.sni liunnS BWZ5% nsc cur s -stt herpo upgaht haa)d56 5( Fild B ]
this pankwano, e of histidine is metabolized to
gl ut amat emo laen do fojnfe@i Ma¢e £e t hen serve as a source
However, tight huggnueationeodenthieal , as histidine
intensive {drR] HWiactiediime degradation should onl\
conserve energy 7@2nd he ehsuliemess are expressed only
hi stidine | evels are[@i2¢ghreraddediami omt ermahdi eivel
| ocus enzymes and those of the tRNA ensure that
l evel at which protein synth®@éZ2]Kurwohud rdmbthooe pl sotnhgee r
proteins are not synthesized at maxi mum r ates
resources from hi[sft2i]dA d @ irtktigoun Balddaegmigosn t i ghtl 'y avoi
concentrations of potentially toxic intermediat e
del eterioufs7.2pr growth

4. 1.3 Gene expression regulation in bacteria

As descri bedhalboocvwes f orreglthleati ng gene exdrledsgdi on i
Regul atibobhe transcriptional and transl ational | e
fitness in fluctddteilrhg senwi,r dromeretxampl e, achi eve
by preventing the accumulati ophld6] har mf ul react.i
Consi derviansgt trhuember of bacteri al speci es, their
di vesrsityis no surprise that there are numer ot
transl ation. An important colmpopestr o¢t thés ofeghD
These -Isctoesa ceit he | evel of transomRNAt soamapadd aasi a
they can promote or inhibit these processes. Thi
form-saem structureqdq 33B8] DINvfe raenfdo rReN A li nwitlhle sfhoolw ohw
stelmnops regul ate gene expression before showin
known to influence gene expression through their
4. 1.3.-Lo8pemaffect gene expression regulation
During transcription, for exampl e, t he RNA poly
el ement al paufgélmpbhanipamsi ng can be [sltla’b[fi Hiixz ed
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process provides important ti[mel 7fllbo weovtehr@o pssteegnu |
can also destabilize the e&INAngatliytmeradsmpgloex at e a
DNA and RNA, resulting in irtarcit madiep e)th dd ®§Tchrei pt i
transcription termination ensures thaflbh®[Thenes
stelmnop structures <can also serve [alsl9ilkdarer hhl s
pur pose, the hairpins are for me[dl1Iwi]Ttheé ne fofpiea ioarsc
terminati ont hdeetleevrelnesf dioward ¢ riapntl Q&iT adcfs way, t

stoichiometric ratio of the gerdeldd9yi thin the ope

Hairpin structures ctaer nail nfabt2ddriBmet rorf oasnaanon pr
formation of[ la20t]Extméemmalor si gnals can switch bat
formation of t het dremininlan2a@iwnrt raanrds lasmttéd r egi ons of
this switching mechanism through-l oompf ocsrtmautcit ourr aels
known as ri[jbhdsyliheyrhesan change their conformati
changes in physical par ameter s, such as temper
trans] a16Jon

Ri boswitches such as RNA ther mome[tle2s][Thiasmn oadubs;
for exampl e, by obscuring t[hle2llrji coosndinmlestbir ads h gt
initiation can al sloodp ptrrounott erd@ fchfs sreRM$A pr obabl
by helping to correctly position the 3pD%22] boso
During transl ati-bnopl ehgatianesd swérdboblwea mRMA el on
process si[dnRiBffiiec eenxttlentel oogwhhiceadmdegends strongly
st em |[eln2g3t]h

Stelnbop structures can thus regul ate gene expres:
l evel s. However, they can al so ac[tl2onStéedm Il eomed

t hee d of mMRNAs protect them by making tHem]i nac
The ribonucleases are then[ Lbhaldbhestprdbgngdet hbe
the mMRNAherebyeafef extpfir®4s]i on

4. 1.3.2 REPI-Nseopewrmhat emoul d affect gene express
REPI Ns f or m-lsotoapb Iset rsutcetmur es-si na R 4 BIAB Y Alshienyg lceou |l d

therefore, alrseg pll aatyi mmg rgpdreeneéhepdesprogress has
t he past decades t o show that REPI Ns can regiu
demonstrated, for i nstance, t hat the del etion of
result in alteriel. gemii etxypplejs8jHouwever, it was &
that transcription and transl ation were not stro
MRNA stph®8]Furyt her ihnawees tailgsaot isohnoswn t hat REPI Ns |

TN



MRNA stabilidgdegndmi cvalraomkugsrounds by protecting acf
[ 338]

However, it was | ater shown that REPI Ns can i nde
transl| dtaisomdecennanst rated that REPI Ns attenuate tr
that i1t is wultimately terminated [BYW]Chaseqgaestth )

this has a negative effect on t h[e3.9]rREPI cNrsi ptaino ra |
affect transl ation, and the position of the RE
particul ar[l40]iRiEgRdaNt asit al sandbpsewment the compl et
of mMRNA st ®EPhNNn the first 15 nucl eot[iddOe]§ h@owns
MRNA tumedrer goes-trlaemstmano®n procdsegr adddbdld vee wd rt,i ma-t
RNA helicases can parltooaplsl yofr e ERelsNesb yychoempd tel ien g
transl ation and 400efAepegsprbbeiphysiological rol e
transl ation by REPINs coUld4dd ,hel2r5gpi d stress resp

Thus, there are indications that REPI Ns can regu
whet her t he REWUItNsc uisnsaildseo trheegul at e gene expressi
of RAYTs is unknown. Howeoreaeistidnedies tihrev oRIAWelme cta
and cut [RHBBI] Ns

4.2 Resul ts

4. 2.1 EffecRASAYTofdeREetIiNon mwitantu®. ohl ubsSB8WNWEEeENSs
I n this chapdeheg cohesegqgsbthngeseof RE&PANusddjl ritg .o nls
and del etions of PR.heflthaSee&WZREMYSTESh |fsolremd nsSitx uct e

REPI N deletieachtcandiafi néemdet eREABIhAN t i onal |l vy, I C
one strainsiBREPMhNsc hwearld del et ed. | al so worked
strains. The mutants and the wildtype were assay

and regul dwlitoausfwadhenecessary. mathoi st easptp rt chaec th yglol
t hREPI Ns and RAYTst hreeeg U lnavtoilovre dandn hulnoccdudso.nal ity

| identified at | babocwne WHEPIIN iisnn ithhmport ant fo
regul at ilwltoaxfust, heprobably by ahfufteHhtuitnTgThe aRAXTS p
probably do not interact with that REPIN for thi

affect growth or relative fitness umdlédoceosndgasi o

necessary.

4. 2.1.1 Construction of REPIN deletion strains
I consstevuleBERIDAN del etion strains to investigate t

I B i of these deletion strains, houlteocafs tolie SBW25RRK

T=



del et ed. Adcaiotnisamailcltye,d one str af hheumiotclu salolf tSIB&V2HE
del eted. These REPI N qRFEedRBtqRW gRVsqRIH, aRGy s agirdrud :

I n the foll owipmgsseadt itthres r els tvitelsli ofdi vodautad udei eg
More detailed information on the methods can be

I achieved the constructi omsof gtshateespsvoaslelveelni cd eel xect
met h[o&86]I n the process, all eles in which the REF
all eles were each generated by two PCR -Bi0&®ces. (
bp upstream region (upstream flank) of the REPI N
800 bp downstream region (downstream fl ank) of

assembled with the plasmid pUlsacB ané&. tcahsf ol
(TOP10). The -tbkeactadi biohés were subjected to a
pri mers alt  heateendl of the backbone pUlsacB were us

the direction of the assembled PCR product s.

The |l ength of the PCR fragment then indicated wt
joined with the pUlsacB backbone. The I @Hgth wa:c
(di fferent |l engths for the other constructs). | f
216 bp in gRH.e Tchaes esiozfe of the control PCRs was de
(Filg.. The gel i ma@PELCR B cblene®nshowed that the
assembled pl asmifdo (wmalso Bamedsle’rnit oifn t he seven selec
16 . Successfully assembled plasmids were also d

GRE, RD, gRU, GRY, GRG.

DNA clone clone clone clone clone clone clone neg.
Ladder 1 2 3 4 5 6 7 con.

3000 bp

2000 bp
1500 bp

1000 bp

Fi gurée Ceellectrophforesmtsr ol PCRs f ordedsesdmmnl epdpRSETR IAN f 0 |
i . & dIOiP ITth)e. bands of c¢lones 1, 2, 3, and 7 show the
backbone pUlsacB was successfully confnlexxcnkddd oth@® st He bj]
and 6 were negative and contained only the backbone,

TO



As expected, tAhe negative control containeldDMA band.
Ladder Mix (THer nid S« iagmtriofsiec gel, 30 min. at 100 V).
The successfully assembBhte¢g @laemids exkehanlge woOWwo
then subject to Sanger sequencing to control f o
created for each plasmid. The readstWwerasmambpéed
plasmid in Geneious PrliJne Tama @lnaine zedotr(hFeegc h |
const r ugqREigRD, qeld, qRyV, agR@) f or which there was the

hat there were no sequence errors was transferr

—

Lo plisacB - R..

Do REVH7_flan..
D FUD H7_234..
L REY H?_U?Sm Kl

Cé FUD H7 flan... «

Fi gurife Screenshot showing the analysi s gRil. Tdheplraegrmiod sf o
RHupstream PCR product Hdmpstnrsed am afml PrCKR) pamdl uRt (down

within the plasmid, whisdahle pi al il mporct e&nxtc hfammg et hevetr wo an
errors. Reads from Sanger sequencing wedbormapeedd!| i oetl
Il ndi viaddusal( lroewer f our | ines of the image) contained s
bl ack within the readstfhe Themkhkheorveofagreadmsli tatatded at
sequence, and the identity shaowedd vtida ad x thbearste @faiurmsc e
reference sequendevigtéem)= Each uncertainty was chec

This was also rel ated QGroe atthee® egaueatlbiutsy Pofi ntehhe r eads.

The seqguenced plasmids with the REPIN deletion
typeP.off | uoSEBEWZXS nlsy conjugation and selected for

the chromosome. I n the next step, another select
no | onger integrated. The cells then contained e
witgpe sequence (REPIN still oRF egRDeqRU)JRV, T haensde c a

gRGwer e then aresagerakpeldactheespd eacs nfiddrdtdossonal ly, a
PCR was performed totherRERI Nheelabtsieome OMf t he ¢
el ectrophoresis, it could then be recognized (wi
carried the RERIBN gRBlred itoennd Fsigze of 1697 bp was
and 1787 bp i f REPI NRWMa st hsetsiel |v aplrueesse nmte.r eFolr582 b
1716 bp i f REPIN was not degRFeqgRE,diRRU, GRYr aggR& del et
positive candi dat es giRFa whleds eb e r vebladhd tye db.oskdri ve <ca
F4, F5, andRHFH1,anl4 ,f oH7, 18nd H8 (Fi g.
TN



DNA
ladder F1 F2 F3 F4 F5 F6 F7 F8 ng. H1 H2 H3 H4 H5 H6 H7 H8 ng.

3000 bp —

2000 bp —
1500 bp ——

1000 bp —

500 bp ——

Fi gur8e Cellect roppmioctesti s of cEREdindBH.85ze8 of PCR produc
ei gchatndi dat es of each edealne tnigodn bmpul teacistr ovpchreer e s pect ed si
the PCR product after a successful del etion of REPIN
succedgfBuwl bp. For a ddtkektierpett REPPORRproduct size
case the REPIN was not deleted 1716 bp. Smaller and |
for each strain. The smalilkeerl ybaan dp ofsart i e#a@c ho ashtdribaban e, <
deter mi nedl wtidg hc earbtsaoi nty usigRg tthiess et epotsriitg wee. cRanrdi d :
F 4, F5, aqRH F8heFppnsitive candi dates were H1, H4, H7,
controls contained no band. TheE DNA Ladder Msegd (Whe
ScieB)i {lc%w agarose) 45 min at 100 V

The control PCR <cannot confirm with certainty
successful. Therefore, the candidates identifiec
check for incorporation of wunintendepglednud qdii mats.

the reference sequend®e (Fwirt fral RE RIRANGRD,(gRHEhg@RY,t r ai ns
gRY, agmR@it was possible to identify deletion mut a
specific region that was subject to the allelic

TP



Db FEUHE (2. [—
De REVHE_flan... -
Ce FEUHE flan... -
Lk REVHB_flan... -

T FUD HE flan... - - _

Ce FIDHE flan... - —
L& FUD HE flan... - -
O+ REVHB ¢ G

O+ REVHE flan... —

Fi gulr9e @@ nshot showing analysis of S gRHy (e a nsdei gduaet nec i 81)g.
Reads from Sanger seqguencing wer e maphpoerddetroe dt hlei nree)f et

contained the REPI N. Il ndividual reads (I ower l i nes
uncertainties (marked in bladlywiotphiomintsha feads$) onFof
shown in the screenshott.heThneu ntboewe roafg er eianddsi claotceadt ed a't
sequence, and the identity showed the extent of wunce
ref erseengcueence nNardeeewmi &t i on). EaecebBessedrtaideyewmsne it
This was also related to the quality of the reads. Ea
been successfully deleted (black line inCrreatdesd .wiNtoh

Geneious Pri me.

After individually deleting each of the REPI Ns i
which all 6 hRE®tNs wérehdel etedE. Feptahins panpas!
a plasmid with the allele to delete the REPI Ns
conjugation was not the wild type of SBWR®t this
|l ocus was successfully deleted. I n t hiHst oc ashee |
one of REPTNeRfoll owing REPIN deletion strains
other using the same st epsst edpe saclrliebleidc aebxocvhea nogfe tah
by PCR and SangeRDHsqgRDMHEqGRDHRGRDHF GU agRBHF GUV

( nameRd ut.

4.2.1.1.1 Removal ofgspdditional mutation in
Si nghkhuiunder went sa xt otoailndasf of REPI N del eti on, t h

who- enome sequencing t o conturnolnt eodeda | utianttiemn

sequencing consfikeme st wat et del eted. However, an
identified. This mutation was | ocated at positi
gener al secretion pathway protein L" (Gspl) and
(Fi2dp.. Thi s mut styinomywausnamd changed the amino

fromgianine to threonine.
TZ



Because of t lge pibgRhat ilonSsaengreenced al | ot her cons
del et i on gR&tgRB,i gR8l, qRU, qRV, qRG, qRDH qRDHFqRDHFG and
gRDHFQU in that sequence position. We f ogRDd t hat
contained the corresponding mutation.

4505840

Consensus. T G G G < G G T G < < A C G G
Translation Q A T G R
Identity
~-e |
overage

e 0.

4,505,840
L& SBW25(new)
Translation A A R
- entvreprL. [ EEEEESSSSSSSS—Sh——————
—\

REVD_gsplr 2_. T G G T G

/\A/\ : /\/\/\f\/-\/\/ \/\/\/'\/‘\/
/\/ \/‘\/‘\/\/‘\/\f\/\/\/\&/’\f\/‘\/
/\/ \/‘\/\/\/\/\/—\/\/\/\/\/\f\/\

REVD _gspl_r_1_..

FID D _gspl f_1_...

FID D _gspl f 2 ...

Fi gw®r@e Scr eenSahnogeegfuenci ng reswyhdsymdusnome T ag shpln C

i ggRD.Si ngl e r Sadgefremgquencing mMbbwerohi hesposhbwoa 4,
transiti onsywaosn yanonusn mut ati on and hlr e @innsateetahde oaf mi anrog ian
Create@Geweitbus Pri me.

This mutation wagRDamelRowte& of r omi s pur pose, a 155¢
of the wild typeiwaes tphreodwcdead i on i n the corresp
mi ddl €he wild type did not contain t hset emralelseloin
exchange and the cDamgseerlgsebhy i RGRgRDh @ qgRhtuweai @ s

finally produced wistphlBi2g..t he mut ati on i n

TT



Consensus C T G G G C G G C G © € A © G G G T
Translation

identiy -

et |
overage
B 0.

4,505,833 4,505,843

b+ SEWZS(ne.. IENCEENNNTEN G G G WmEoem G G mEmoEE ¢ IO CATTEmeEE G G G e
Translation
(FAttation |

- gnimes pr.. [ ————

L& FID D6 _flan...

X
D FID D6_flan..

Ce REY DG _flan...

D¢ REY DE_flan..

Ce FUD DG _flan..

C# FUD DB _flan..

C+ REY DG _flan..

Fi g®rle Scr eenSahnogeeaqfuencing results ofgpplsgpRbD.iSomg4 e505,
reads ShAngseserquencing show t»d8t) thatmwtaast porse@t i n pos
gone afdtegp tawvlol el i c excBregte@GéwéhbdtusrBPgi mae.

4. 2. 1.2 Comdtdri tmmtoingamnt o f
I'n additi gMAYTgRHstwasnl, ater produced using the sa

REPI NwRs del eted in addition to the exgRAYIThg del
Thexagnocess and controls weseepsaldl ¢éogRAYEIXxshanhg

was used as theErecibpinémt wand the plasmid for tF

was used as the donor.

Ultimatelythle gehéoai adqREagRE RHOGRU,9RY, BRG RN U t
andgRAY TRH. I'n addi tigRPAYTt Hal dt nadirreee RREXYI3I88B8Det ec
(one MPALTU3IBBOeted) were produced by Frederic Bet

Either GFP2-lwas mScadlueéed into all of these strai
by conjugation ofE.a ddhsrmi gt russiim.g RRor t hi s purpo
and the mutants produced by me were grown toget'l
firstly for SBW25 and secondly for successful <co
and mS4darilsdtaf lrueor escent protein. By inserting t
di fferentiate between two strainsays. ohée wabkt ur
possible to obtain green and red fluorescent var

TY



wild type. Detailed information for the construc

be found in the methods section.

4. 2.1.2 Growth curve assays
We grew the REPIN and RAYT deletion mutants and

ot her in growthassediesf feseagxeston growth due to

del eti ons. Growth diffwhredhrmdegubatdebpncandi fiuomrg i
i mporwoaunltd be expectRAYT fs ytshteemRIEdf¢fiNsc trsegul ati on.
growth curve assays reveal eldntthat | t RePedké¢ét Romno
reduced growth ofedtihhuen lwadtherhiisstiimli ne as the sol
nitrogen. However, deleting the RAYTs did not af

The growth curves of the seven REPIN delaeti on ¢
medi um with histidine as the so02%2 seueakedfsicgnb
di fferenceagBRH, gthtuweamd the wild type. The mutants
to their REPI NRhduetl ehi esnsilecFense in growth was p
reflected in the growth aecusedgisf fpearreannteetse rbse tunteielni zt
(Fi2g3.gRhudi f fers si@nediwcretheduyrtvierd, A A ma x . OoDo, an
durationo frogRHtdh é f wirisd st gymeé fi cantly in AArea u
type. The ot her 5 REPIN deletion strains showed

histidine as the sole carbon and nitrogen source

We abssesisthe growth of all seven REPIN deletio
instead of histidine and ammonium chloride as ni
observenkediiuma with histidine are asslouwltioactuesd wWWet h
expected no difference in growth between the wil
of hwtocus is not necessary in the medium suppl e
chl oride. The REPIN deleté¢oeni stgrowsiRRddaweedgd m@F id
growth curve p2afament ¢ he eixiciegpgRV i@ 8a under the cu
gRVgrew significantly |l ess good compared to the

di fference to the wild type in the other growth

The growth curves of t heqRIAWA 3 BAWRAVE| ethioove d s D¢
di fference to the growth curves of the wild type
carbon and rRignmjg.e nRAWIsg.di d not Paff kbobIBWERkgsowt
in the histidine medium. We al sqb u thBoa ssuhroewd tthhaet gt
assay was wjhrukiDhme. eFxoprect ed a significantly reduc
of Hhurteegul at diuy[ge]Mi s expectation was fulfilled
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The RA¥Teti ogRAYTRINERAVWTH showed no di ff erheence i |
wild type in medium with suppl ement2édn iy .u cTolsies an
was not surprising, as the RAYT tWkeé ebaonseridadim
medi,unwhi chi sisiedli ne as the sole source of <carbon
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del etion strains (yellow) (each strain n = 5) compar e
grew for 32 h in M9 +sblistsdunee(dab odM)bas ahmheé nitr o
every 5 min at 450 nm.
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Fi g®r3e Growt h curve parameters

Four differeAt Araega mer ccaBs

phase duration (h) were applied to compare the growt
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the wild type of SBW25 (blue) (n ghuji)Da HKarf ftelr e necxep d roi
type was expected. Strains grew for 32 h in M9 with
source with OD measured every 5 min. at 450 nm.
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max. O, &ad phase duration (h) were applied to compa
stra@aRAYTIYIRAYT PFLU393RANE! éaed) t hree RAYTs del eted),
controlghat badye) | ow) (each strain n = 5) compared to

M9 + his5 i mmMneag sole carbon and nitrogen sqghwr de. For
a di f fferraderme ewi | d type was expected fosighlfpaaametdief e
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Fi g®@e Growth curve parameters of RAYT deletion strain
in controlFomedidim.f ereAt AragamenceBs t{me rdwnrsieC:gr owt h

max. O, &ad phase duration (h) were applied to compa
straRABTIYIRAYT PFLU3I93RAYE!l ¢éaed)t hree RAYTs del eted),
controlghat bédiye])] | ow) (each strain n = 5) compared to

M9 with glucose (20mM) and ammonium chl oghiud &©.noFor t
di fference to the wild typeaesiwani eixpadtr adhvdi Sddad ypge* ) *
p < 0.05, **: p < 0.01, and ***: p < 0.001.

4. 2.1.3 Relative fitness assays

We performed rel atasvsedashset eddsecdss ayfs RREPI N and R
the abilities of mutants R.o fcloungBet\WrSemEGFh gtFhoer wi |
that purpose, the bacterial strains mainly grew

and nitrogen as conducted previously for the gr
of the fluorescence proteinsn @GHR (tgerseteend) nauntda nm S
wild type to differentiate between mutant and wi
relative fitness of eabtbkb mouans by Ctekélshahgeéhe

per microlitertwdaf sfliet newsist evdaliures f or eaevacsh mut ¢
calculated for time frame 1, in which the mutant
time after growing in LB, and a value for time f
the wild type for the secanidfvigginme.s Wd deitee rnmmuitnaen
than one time frame because the conditions in ec¢

strains and depended on the previous growth cond

We expected tH(@H dehdt ahly RHERObBMNgrRhiut wdhdwel d decr ea
r el aftiitvneess st,hese st rsiigqrei feixcharmbtiltyeddecr eased gr owt
assays. For the RAYTedaRkiédtvieosns sdirfafi asenmeo t o th
expected, since the RAYT deletion strains showec

the growth curve assays.
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Time frame 1 Time frame 2

N T e T

\—V—l

Washing

i\
.18

TO T T2

Fi guwroe Experi ment al wor kfl ow o3t rreeil mst i tvlieaveodnpettled a s s ¢

were inoculated in LB medium from frozen glycerol st
and the other with mScarlet (red). They were transfer
washed by centrreisfussgaetmdend wifnider after growing independ
24 h in LB. The flow cytometer onvmeuret eod etseewtmamy tdel le:
at theTe6)abéefore a microcosm with M9 and histnisdine wa
The cell number of each haurasi nofwagr fochodwin tocegdi ocagfettacerr 4(8T 1

transferred a fraction of that culture to fresh medi
each strain was then coumdwends agfoygricavetEd cavnaectyh @emed & r
conducted different variations of this general experi

4.2.1.3.1 Relative fitness assay of REPIN del eti
I n theafifvigtnersesl assay, al | REPI N del etion strai

hi stidine as the sol e souyrwee exfpeccarebdo ma adned rneiatsreo
gRhuangRHcompared to the wild type, as we have alr
that these REPIN deletion strains grow worse in
the sgRHeahowed a signi fi @a mftiletyn edsesc riem steidi&) efl r a me
The at efviet negR&li hott i me, fwiatmle d mean r el avaisv ev efriyt ne
l ow. AddqRVaodgRhlusyhwowed di ff el aefnictee®sngnar ed t o t he
type in time frame 1; WwWeweveofi cehagboe(di bf &r dBg e

REPI N del etion strains showed afhiotvieemscs eiamrs etdi e fdre

Additionally, gRex hiibmet §dd aanesi2gni fi cantly differ
3 1B) . SurpgRHs neglewnsed sirgdiaftiitvweeas $ ycompared to t |
and was way more fwittihelaaitiitumee swi lod tigRESOh o Wehde st r
with 0.926 a signief aftiatwred sys dierc rteiamee dfgRAmeed 2a I nt
slightly increased e(lmitiitvees s signtf meardtrlame 1 t
decr emskdtiitvneess in time frame 2. Not abgRRuyutt he s
exhibited no significant variation in relative

previously documented i mpaired growth in the his
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ARD ARH ARE ARG ARU ARV ARhut ARD ARH ARF ARG ARU ARV ARhut
Strain Strain

Strains labelled with: + GFP s+ mScarlet

Fi gwBrigRHf i r st shows decreasedebaftiittreReelga tiinvcer efaistende ss o
REPI N deletion strains grown together with the wild
t h®#ol e source of cAReROtatawveesstobgentants calcul ated -
strain before and after growing with the BIiRed aty yve f o
fitness of mutants calculated from counts/ OL for eact
wild type for the second 48 h (time frame 2) of the a
GFP (circle) and mSc areldetl i(nter iaatn g1 .e(alme @ th eft icdsaesee ss t dife
mutant and wildcaypegnsf arcarftr*adh & mebgueanilcef i t ness of 1. (
**: p < 0.01, and *xqampgewit®HbdBdn{errof) Coneection).

4. 2. ReB3a2i ve f i gRHeasnsgRlasitsna yc oonft r o | medi um
The el aftiitvreegRBBEapogRhuwas determined in a control n

instead of histidine and with ammoniumrehlaoi ivee
fitness of the expehuimPbwbal aseassel. sThasncontro
show a deveabahtnfiibtureeisns from the wild type in the
assay, I was especiallryl afbilitened 0s deft fea anti gRélwa f o ki she

were associated with hitshtei diiunnec ta nbdoladtc i eyr. eofif d rteh,e, v
Y ©



rel aftiitvreess effects would then only be expected

control medi um.

gRHs howed no mreélgatiiftineessrst i ncrease or de8PAdaeg i n

time framMe&B)2 i(rFitghat cont rqBH udansih a ysih oHwewde vae rs, 1 i g h
increased but rredtatsveges $i damt ng time frame 1

respecti A gRhFndh.utsbihowed no di élIf &#friidwmeees si dur i ng
frame 2BO)Fidnterestingly, the variance for all s
ti me frame 2.

A B
1.41 1.41

1.19 1.19

1,00——.'.__\Tl:'__i___

1.00—$-$E -

relative fithess mutant/wt
relative fithess mutant/wt

0.84 0.84

0.71 0.71

ARH ARhut AhutD ARH ARhut AhutD
Strain Strain

Strains labelled with: +« GFP & mScarlet

Fi gBr2gRHs howsr ebaftiitveess di fference to the Rwilladt itvyepe i
fitness of the RHERHAINgRB Uentd othh es texap enrsi me ghtuatl D gcromwmnm o |

together with the wild type of SBW25 in M9 with gluc
experimental ohantDrdoel c rsetarsaei m@iftni tvreess was expectAed i n t
Rel atfiwveess of mutants calculated from counts/ OL of
wild type for the first 8B8mel(afiinvea efsrsa mef 1mutoafnttsh ec ad s
counts/ OL for each strain before and after gmewing to

oM



frame 2) of the assay. Wild type and mutant strains
(triangle). The dashedalmenét afaittvnée. s0sO oifn dnuctaatnets atnhde wi |
i ndi csaitgeniaf i carftr ddh & feeguwanlcef i t ness of 1. 00: *:  p < 0.
(n = 6s)anipbtneewit Hbo|-Bonf erroni correction).

4. 2.1.3.3 Extended rgRHian itviestfiidinrees smadiswam of
I perf oremafdiitancess assay iwmsiM®g wtihirheditsBiheaelififea mes

means that we diluted and transferred the assay
had growet her in time frame 2. This all owed the
time frame 3. I per dRHrbmeed utslearte t aalt cheegee své t bhange

mut ant <lhoweading time frame 1 and ti me fsodme 2 i
source of carbon andgRMwbuobdebe bBtwobhdewned |iifkte t h
in time frame 2, or |1 fketiwodid dectemeapdaammnl]l.
why | observed a chdnmgen itri mee If ataimee 1f ittonesisme fr
performed t het afeiktvneensdse dassay with t heqgheuxipDearsi nient
expect that strainitd bgpkessrbughoblanalt hetWwree

Not surppgRdHshogég, a signifi eaaftiityneedsesc reefas®.d735 du
frame 1 and a si gneilfaitcitvnee ¢y ohcited8edudr3dAnand i me

B) . rTehleaftiitvneg®Hd worfi ng ti me frame 1 was even | ower
two time fXlAmesrTeflaftgtvneelR$waosd st il 1l significantly
time framé)3 (Britg.t he di fference to equal fitness:s
value of 1.04 watyo | toiwree fcroanmpear2d As expected, t
controlghsttdeexirmased across all three time frames
slightly from one.time frame to another
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relative fithess mutant/wt
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ARH AhutD ARH AhutD ARH AhutD
Strain Strain Strain

Strains labelled with: +« GFP s mScarlet

Fi gBr3gRHf i rst shows decreasedebaftiivme € 3e xiitmeantrdleeals e s ay .
Rel ative fitness of ftdRHka nRIE Ptl Ne deex ped riiome rghtarfaDi gho o twvn o | S
together with the wild type of SBW25 isnouMI e+ ofii <tair d
nitrogen. For t he exgheurtiDme ndteaal redcagidndttdmeels ss ti ARietkkpectved.
fitness of mutants calculated from counts/ OL of each
for the first 48h ( tBiRRmeel dtriavmee sls) ooff ntuhtea natsss acyal cul at e
each strain before and after growing together with t|
the a€Rey.afiveess of mutants calculated from counts/
growing together with the wild type for theée mbhiadt 48

strains were | abeled with GFP (circle) and mScarl et
t heanree | aftiitvneess of mutant and wiilgditfyi ce.rf trSdada & & eefr tiegnl cien
fitness of 1.00: *: p < 0.05, -¥&dmp-pewit b BB, n faenrdr o rri* :

correction).

4. 2. Fr2qgéency dependency assay
Crofeeding pwasssiobniel ity to expl aigRH.t Hldnc Bsteme ss ph

mut ant woul d breenefbiotl iftreesm atnhde t he hi gh frequency
feedli ngoul d egRbiwasnbwhbhgymi ng significantly more f

=



frame 2r elf aftiitveeess assays in histidine medium. A
rel aftiitvneess of the mutant in time frame 3 -coul d

feeding decrease while the frequency of the wild

We perf orenteafitiitvnee ss assay with extrrpmpe oxt anat ieh g K
and OgfH fogrowi ng tite awiolndy stiydpee of SBW25 for the
evaluate i f the fregRHemdi evd | df ttylpe m@mutarthe sourl
phenot yge dfn t her epraftvitvoesa s s qgRHsvsaasy sr,ar e after t i me
(frequencyt heefx t @ m2e@® daftnitvneess assay). WeRHthoerbee or e
significantly increasemdelaaftditvimegberwheman t1 .wlaG irt

frequency 0.1) in the frequency dependency fitne

However, the frequency dependelnafyii tvaeegRblywash owe d
significantly decreased and b&8HBowAHdOO riefh atth e emu
fitneRdEwadlecreased candi detatwl . 00 i f the mutan

both situations, when t he muted mftiitwveees s awas addc @
and not jnaesewsedlhRatvetdi merfrpamevi2owd ftihteness a
can, therefore, conclude t hate xfprleag une nchye d e ptennedsesn
oRH.
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relative fithess mutant/wt
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Fi gwrde Frequency dependency t bhealodat irteesepsosn sii tgpRifee af soer o f
Frequency dependaegRHcgyr oawsns awyi tvhi tthhe wil d type of SBW25
mM) for 48h. Extreme inigRHaf at augRHhrda.rfier) € qagiRdth c0 .eS (0 f
abundant) wer e rseeltaftuipvneand vheues were calcul ated afte
for 48 h in MERHwWwiatdh ahisstgindif mn @ &n tafltiytvikeess s eiars eadase t he n
rare (1l eft rhkedrafilitted s s gRRtddetu etsi md f r ame 2 (¢ & & eféiitinecosns e x t
assay) were significantly higher t)tRFhhad . 80 si{gniddi ea

decr eaegédftiitveess in case it was abundant (right boxp
t heamree | aftiitvneess of mutant and wdilgnitfyipceantStadirfsf gr*end e
fitness of 1.00: *:  p < 0.05, -g&dmppewit AOb BB, n faenrdr o rFi* :

correction).

4. 2.1.3.5 Rel at igRki f i urnoecsasn aatses anye doifu m
We conduecetleafdiitavnee s s gRHI aay awimeldi um wi t h urocanate

of carbon and nitrogen dgRel( € 3gl.a iTnh et hdee | peht eHdoont yopf e
l ed to signifieé&anmftilitwvneedses rierm steidme frame 1 i n whic
with the wild type i n M9 rwdltditiihvneetsisdii me | ane&ramni.i
possible explanation for tHawas cabf dcthieng htart a ntshc
trans| atuitd@mdhturb.H Bobheipmsoded by these genes ar
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hi stidine serves caar bao ns oaunrdc enyiotér otgbeenh maHiurt Tt r ans p
histidinez sandheHhti Bti dase t hat is responsible f
urocanate in t hea sftiirddtnes tdep rijméd5att.h Bn7 Jpla tghrwoawy S B W2
urocanat e, urocanate wil!/ be degr@auwdeedn etsh rwiutghho utt
i nvol vemenpnaor olbutHHhelr ef or e, t here wil lgRHhief ntohd mp ¢
REPI NaRfects transcriptihoahaimcddm,eH Onr anhsel aottihoenr ohf
would expect fadRHhessretfamate ofHaf hectel et hen g¢él
processemsultofcutsheand histidine degradation pathwa)

Theel aftiitvreegRHi mf M9 wi th wurocanate as the sole so
was assessded menlfy afmedraftiitareess ef f ect s -dfecslclra vbiendg
l ogic would be vis3%l el aftiihvwmdeBREvagendtF-i gncr ease
decreased in the urocanate medi um. THiiss arfefseucltti ns
t hteranscription amwagabnrd htarkakh sl ati on of
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=
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3
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® 1.00 ¢
C
=
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4]
= 0.84
«
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ARH
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Strains labelled with: ¢« GFP s+ mScarlet

Fi gudrbeqgRHshows rebafi veess difference to the wild type
Rel ative fitness of tgiRd g REWMH Nwideth et hen wst daitrype of
urocanate (15 mM) for 48 h. Wi ld type and mutant str
(triangle). The dashedalmené afaittvndée. s0sO oifn dnuctaatnets atnhde wi |
i ndi csaitgeniaf i carftr ddh & feequwanlcef i t ness of 1. 00: *:  p < 0.

(n = 6s)anfpbtneest ) .

4.2.1.3.6 Relative fitness assay of RAYT deletio

I conductl afdiitanecess assay of t hegRARABTRAIMGRIAYTI ¢mal $§tr

RAYTs del eted) in medium with histidine as the s

for fitness effects of3Ghel RAY Sqgh uittDs EpWes i OEHB § )
P



descri bed as a control st ediafhiithmeeas swhiinc hh itshtei ddi ence

already described.

Both sdRAAYITBBABBERAYT, showed no phenotypic deviati
in the growth tchuewef ass,ayls did not efpemttaer i &1
type. Ho weevleaftjitvndel @AY Dfwas slightly but significa
ti me fr amel aftiittikneess s val ue of 1. 03. JqRA& TB&WAI%ance i
very big in time fr aandet hlo uagnhd tnhoet nseiaginmsthi cevaendt a S
fitnesghutdhhewed a similar variance in the result

decr emskdtiitvnee s s .

This variance decreased in timgRAY a3y PRAYoIr al |
both showed no signi fr elaafttiitwdefsfse rcaommpeas eidn ttoh d ihre
expected, onl yghtuhseh cawed ra | s itgmiirfné Icaitmitunee srse d wen @ r
to the wild type.
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ARAYT3939 ARAYT AhutD ARAYT3939 ARAYT AhutD
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Strains labelled with: * GFP s+ mScarlet

Fi gwreegRAYT first s horwel atnicireeeassse di n hi sRéldd tniev emefdii tume s
RAYT39gRAYT, and thegrcwtiMeck easedi iitness known) grow
wild type of SBW25 in M9 swilth hdowsndainfe aRedrM)a mad rtih
fitness of mutants calculated from counts/ OL of each
for the first 48h ( tBi Rmeel dtriavmee sls) ooff ntuhtea natsss acyal cul at e
each strain before and tahfe ewi Igd otwi pneg ftoorg etttheers evd d hd 4

the assay. Wild type and mutant strains were | abelle
dashed |l ine at $ atne e li aftdiitcrmetsess ofhemut ant and wild ty]
asignificantradhid fequwalcefi tness of 1. 00: * p < 0.065,
(omamptt ewit Ho I-Bonf er r oni correction).

4.2.1.3.7 Relative fitness assay of RAYT deletio
The el aftiitvreeqgRAY B BANHIRAYT was determined in a con

glucose instead of histidine and with &@8rfimoni um
Addi ti omal lafyiitvierses of t he expeghutmPwaal asoasseod. s
the relative fitness of the RAYT deletion strai

and nitrogen source was very weaRRYa@andaodl|l gnpyesi

T



first ti me frame, we did not expect a relative f
del etion strains in the contr od¢humeddweus me x Ad stoe d f

deviation from the wild type in this medi um.

As expected, both RAYT del etion stmral aftsitvidecwed on
the wild type, neinobhennintnimmemdérfamame. 1 However,
significant ggdutihet e mee ffr amé afliitweetshs aof 1. 03. I n
time frame, thererwhsftintoneedsi sf ffeare ntchei s ncontr ol st
noticeabl e that, as in previouwuel Bbftiitvreessss awaslayes

greater in time frame 1 than in time frame 2.
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relative fithess mutant/wt

————— 1.00 = 3 — r —elegear -
0.84 0.84
0.71 0.71
0.50 0.50
ARAYT3939 ARAYT AhutD ARAYT3939 ARAYT AhutD
Strain Strain

Strains labelled with: ¢« GFP s mScarlet

Fi gwBrife No fitness deviation of RAYT delRetliadn vt rfditms si
RAYT3IUIGRAY T, and thegrtwtgd owwh $sogeitmer with the wild t
with glucose (20 mM) and ammoni um c¢ hl ghruitdbed.e ciroera stehe e
i nel aftiitvneess was expecARd@l atni teaad s mefdimunt. ant s cal cul at
of each strain before and after growing with Bhe wild
Rel ativeess of mutants calculated from counts/ OL for
with the wild type fforramere2)s exfontdhel8ashsay.i Mg | d type
|l abell ed with GFP (circle) and mScarl et s@merebagi eg.

fitness of mutant and wdilgnitfyipcea nfts tdddirdsf e{g*@anlci efd it neetses &
*:p < 0.05, **: p < 0. 0i1is,angprtde eitiFb:|1-Bpnf€e®@r001l ¢Ccorre6}

4. 2.1.3.8 Rel at igREergRAYtTn eisns haissstaiyd ionfe medi um
The growt h rceallraftdisvreesd assays with the RAYT del e

i nvol vement of the RAYTs in thhueocegul Howewepbny f loe
suggest eHli st hiatvoRl ved in its regulation or functi
RAYTs are not involved gREEwehpef f o rdnafdiitprieesno taypea
of a strain with all tHdred ee qRHIYRBY B)n di rm hkei RtEIPd iNn &R

PP



( FIB.qRH+tqRAYT compegREldn wit dlhaftiitvneess assay to direc
di ffer emdaftgiitvieess t hat could then be associated

Howe VgRH+YqQRAYT showed no signi fi gRHdturfiintgn esismed iffrfae
and 2. This result is another strong indication
of hWwittocus despite our findi Hgpbayhatr RE®I NSo, es p
parts of -RAYT REPsItNem do not wor hkultwmgwed hree g d luantcit o r

1.41 1.41

—_
-
(o]
-
.
©w

o—p

relative fithess ARH+ARAYT/ARH
relative fithess ARH+ARAYT/ARH

100——;!;——— == = 1= - - 1.00 = = == ——— —-_——— - — -
| N |
[ ]
0.84 0.84
0.71 0.71
ARH+ARAYT ARH+ARAYT
Strain Strain

Strains labelled with: « GFP + mScarlet

Fi gBr8gRH+tGORAYT s homwsl afpiitvreess digRHéemehcstti di Rel samedv em.
fitmgBBrgRAYTHGRd al |l three RAYTs delghRHed) Mr wwhht bgeth
(15mMRel at i veeRH+tqgRAYT calcul ated from counts/ OL befor e
wi gfRHf or the first 48 h ( BiRed aftriameqgREIq@RAYTtbael aslsatye d
from counts/ OL before andgRAfoertgeoweogndog8hheéti met
assay. Strains were | abelled with GFP (circle) and mS
t heamreel aftiitvreegRE+q®AY T gRHd St ars (%) ginndi camnfér cam ¢ f er e n c
equal fitness off:1.p0OG: 0.*:1,p and0 *OCZampt@sOD) 001 (n = ¢
NMM



4. 2. 1-q R CRgRH
As previously describedHind&BWR2bonespti|l tbe REP&Nt ¢

fitness in medium with histidine as the sole car
this phenotype occurrbgdnbéebausel dhe yREPFNNRBRti on

gene expression. I f this is true, then it i s |
nei ghboring gene. For example, REPIN could funct
expresstiupid Hofwever, REPIN could also increase the

genhet By protecting its mRNA from dea@amR&@tCiRon. Tc
was performed. The RNA amount gRHafn dt hrheee wid gli adnysp e
guantified. Theseapgprrexi me@dloyps werei ze and wer
hut, Hutd@ndeclnes. The approx.hut&0tdopwepriee ciesse dont o
measure theokexphessiasnpeclthiev eR NgAe nneesomdanst dfeotrer mi n e d
by thei smmpple3d0y b poftphaer tgene t o nor mal aacreo d s ed iRfNfAe rae
sampl es, as recA is a housekeeping gene and shol
del et RBRI WNf

gPCR qPCR

SBW25 wild type hutH., >— RH hutT; >—

gPCR qPCR

SBW25 ARH hutH. >— hutT, >_

Fi guwBr9e Representation of théutomparHPCHROMt sq POCrR,t hsema | |
fragmentibutodindttuntefenesappr odidmatbel were amplified (gPCR
shows their approximate | ocation in the geHuaef.f eTcot si nve
the gene e xhputedbnsdiua,nT M PCRs were performed fagRHotthe wil
SBW25.

For qFPCR, eighgqRHaegl ibatwild type of SBW25 were t

colonies on an LB plate to LB medium and incuba
washed as in the relative fitness assay and tran
the sbdloem @aad nitrogen source. After 48 h incubat

strains and reverse transcription to c¢cDNA was ¢
obtained was then determdchddandr monenat heedef at
RNA liwtgaHnkutiTogRHver sus t he wi lpd@ Tt ynpeet huosdi.n g- otrh et hi s
gPCR was performed three times and the average Vv

for the calcul ation.

NMN



RFPCR revealed thahutdred RINK el esvglndg fafcagRHI y i ncr
The aveobpgBevalues for hbeWMKRNA 2.mdLnamufT2TARs f or
correspond$otd a#fidl 81 5®crease of the respective
the wild type of SBW25. Both genes upstream and
downr egulnattehdei r expressiln Tbhye tfhaect REPhaN Ryot h
downregul at edn ebayr IREPtINNe tsopame ex.tent was wunexpect

5
I=
S 4
& 1°
< 3 — .
o o -
EJ‘ [ ]
S 2 f
(@)] ° °
o .

1

0

hutH- hutT,
Gene

Fi guroe Hi gher RNA hauneobunndt ust, &d ft edrd eR e tTihoen-QRFTICR r esul t s f
hutaddndutiTndi cate that these genes are significantly uj
RHi ®. fl uoSBEWZ®2.nsTher efqdPrCR, rtelsas | RB hfuokrddntihud fTopRH e s

were compared with those of the wileéctAySgarand *or malii
significant difference to the equal fitness of- 1. 00:

samptt est ) .

N M



4.3 Discussi on

REPI Ns form hairpin stifB8&88)rTéhse sien sR MpAoesdird ri svsed NyA ro
negatively affed¢dtlidl@elne 123CpT ReLARIBERI Ns coul d poten
a regulatory role in gene e[x3®B0e s550 80.n9 Btho gtehteh eprr ewii

sectiiwens nvestigated the effects of | osing REPI Ns
regulhavited us. We wi | | del ve deeper into the spec
and their implications.

4. 3.1 FitnessgRthenotype of

gRhuandRHgrew significantly worse than t hthevil d t
sole source of caFR@andanBB q.iTthi cgevas not observe
medi um containing glucose as the carbon source
sour(cFe2gg. and )Fi §hat25means that the r ehmdtwealusof R
caused the reduced gr ocowmt hg.rwaMiehsh e gagiev gRhaiftf ¢ bite
which |l ost allgRRREPWINs¢hthast fonly one REPI N. Bec
the growth durewxeexgRhayweg Wlad have a strongly reduc

too. Additionally, | al so ex®Rkbcute d eas s esdturcoendg Irye |
t oRh ut

4.3.1.1 Differences dgRMH @gRiwtth and fitness for
Surprisingly, I f o u mddH st hhoew eodp psotsri o neg | syi trueRit wi ¢coend: f i
only a moder at ghyfreeodduncteldy r el ati ve fitness i n th

fitnesg¢ F&3glsHoywever, even mor e gRHisrlporwesd nag mwacsh thhiag
relative fitness than the wil d Fti3yypgRh usnh otwende nfor a m
significantly different fitnddxl.tdhebe webdl typ
several questions. The firgRhuwane mwats pheompwborn Mmiysg p
in the fitness assays as expected firgaumstth o ngromwet
has reacogtnh stee dxwvoer i mastsetshseo phenotypic effects
RAYT r emovadi fafreer evretr yf rTchme eaomts eqtuleenrc.ces of REPI N
depending on the circumstanced®. The oInEeW2a5 hgsr eam d

independently in the growth curve assays. Howeve
each ot her in t he relati ve fitness assays. A
constructed, could | ead t o, f oo e sesxaarmpllye , r e deudcuecde ¢
Of cour se, this is also true for teére. olptpoisg .t et lsar

not always possible to draw direct camsclewmsgi ons
experiment to the results of the other. However,
indication of which strains in this histidine n

possibly also have a different fitness than the
NMO



4. 3. 1. Ze@rdongyg does hplode n etxguipta i onf
The fitnesgRHreafifseecst tohfe questi on of hodmatyh d eraedmo v

to a decreased fitness in time frame 1 and to in
closer to a solution, one must note sever al di f f
2 (and 3) of the relatives ftiheate stsh ea sfshasympd e Omneee sd |
wild type are very different at tHhewxdbddienmiingl af
were set up at the beginning offtirmé®d.bramHewkver
strai ntshted tmer tf rame 2 with frequencies of around
gRH, dutehea oreduced@RHfiint tesne dframe 1. TheqgRHigher r e

time frame 2 coul d, in principle, arise from the
i s abundant. This -fceadidndaipp einfnarad icregb.sbseCtr wesesn b a
straiefsers to the situation i n winefté&abdIlwot eosr omor

nutrientsotwh[elh2 6dlalcehse i nteractions|[ &a6]|Hohbeveefeirt |
there may also be situations where drleydimZygé] bact
I n this situation, the benefiting genotype can a
than the other str[ad.2n]lcud hteo ciotnd ua hiesadt tifmegomrees s caa
possi bdRHitshathe cheater linglhet hfertefi®s®,i thatsi me fr
t hat at the endRHbifs tpirnees efnrtanaet 2a hi gher frequenc
because the frequency of gRhbhcearnwiadlds a ybpeen enfaist dleecsr se
type in time frame 3. The relative fitness in ti

2. That was at |l east one possi bl eRExplanation fo

However, we tested this hypot hesgiRHatbyiefvaelrueantti rsg

frequencies at the beginning of the experiment.
correct that theRHbehafive Biropegsyoht a wild tyrg
al so benefit strongly, or possibly more s
the fitRHwas &fiigonantly | ower t Hdan3gk.hath epifd twhaes wi |

possible to reject -tbadedihypotAesmal of urmce®rstsai nty

e
e

Accordingly, the frequencies ,agfestpleectwivled ytypd we
c
d

shoul

because this test was performed wit hwidtihfifnerteinme
frame 1, where sl ight!| ycodmpfafreerde ntto ctoinmdda tfi maame p2

fitness IigRHirre atstree ofdrevi ous assays was observed.

4. 3. RH3amd wild type qgqrowth in histidine are aff

That |l eads to another difference between ti me f|
di fferent figRlhetsst hevel si mé fr ames.r eAtafttitveee D' gi
assays, the strains grew independently in LB mec

with buffer, and put in M9 with histidine as the
N M



then grew toget heirn ftohre thhies tfiidrisnte tmemda um. Howe v
heaviinlfyl uenced blyl27Albt gpgsowbhsi bl e atthhaet btehgei nbnai cntg
of that ti meef rreemtechuerycosui |t up during the previo
Recent bBawdisbown that Pseudomonds ndarerdotM9g rnoevd i i
even before growindgle8]HomwelBr metdham recent stu
bacterial baogoe he xicsl utdoeo gr owt h entirely. LB medi t
possible that the cells are storeadl Wowhngl!l vbeme
grow on thesaé¢omesdoworcas! imited time 29]Ja wanah é d n
the cells once after growing in LB medi um, so t
medium to stick to the cells and to be transferr
in time frame 1 is |ikely offot ftlhueoI pWEaisned acar
remainings of LB or other metabolites resulting
gRHand the wild type could grow at the beginning
histidine. Howeverf,r otm me nfer aameanke dli fifnertshat r egat
potenti al resources from growing in LB should b
strains rely solely on histidine as a carbon anc
i t cotuledx pnload Inaftiihveee s s p lygRHhaolt oyrpee. o f

4.3.1.4 RheadhBHegTs

We per f oremeattiitvnee s s gRHsiany nweidtihum wi t h urocanate a:
and nitrogen sour deltodJun'canahesiicalt hienducer, and
urocanate as a source [®Bf5, cdrObdgn 1a20mdT hrkiOt&rroogtenf A t
degradati on pfartdmvatyhedilifstrisdi ne degrtaldathiosnt ipdd $
and the main histidinp65br.ad&paearrteesrt i anrgd ygob 4 dilee tgee
prot @upsl,ahnudk, T are neighboring eadh notbred @égMe h t he
know f rroemh afthievnee ss adHadédy € cth Bladtchugs ,i sanldi kietl y t hat i
eithetedlrhut, T or, b@as hREPI Ns affect only neighborin
cont p®HG®, . 98hd ,(t heeqg®@R results have shown that R
hutH ahnudt €Tx pr e ¢ §id4dn

Howevaeéars, ailtso possible that RHltafcfusctasidotthan dgears
| eads to i mbiandtaemrcreesdii aat ¢ eof the reactions catal:
Hut G. Resulting differences in concentrations o
bacter] a2]Weelwouhdrefor e, have expegRH¢d ahkei wné d
type in the medi undiwi tahf fuercdc annga toet thiebradRfleurt.eTs b e s i
Howevg@®Hs howed no difference to the wild type in

urocanate®olas ¢daarebon and nidemogenbhr atleaddelcaBThiRut H?

andut, T mhott ot her downstream reactions of the his

NMP



But hoHwfifsetRubdigdusdnd how could it explain the d
gRHover the course of the relative fitness assay:
hypotheses to explaingRiendithessolpbedbbhyhee REP
regul ah u toddn douff. T

4.3. 1H4f @Y T

One possibility wabBcobbhtd theutel &ti.baoTweifs Raeovuellds |
possibl e, f oHaex ampalset, a ninflam@ ti or and prevents th
terminator whle2nO JWir elsl@umtt h® t er mi nat or could for
downstredmtdgenkd be tr anpisg rgibiendar yHuttrfansporter f
and its downregulation would |ikéby mes@ab®7] s mre
This would result gRH rwHiucted folasnerswsed oduring tF
the fitness assays. HowegREEs houhdenl shi beas segmpfi
frames 2 and 3 because intracellul ar |l evel s of

t herefore, s e e nasn dl etshse prleasuus| iRIBIRef 0a n ftihremeRdT t hat t |
of HResul ts not in huwopmEut RNA hliegvheelrs oonfe s . It is tt
t heireed ess Hut Th natl etvled mrsotaeiresult of the del et
the wild type.

I f we assume, on the otHa&act hraamsd, athat mit mat &RE,P | iNt
result i n hwgrTegrud aitredleed, t geP CrRe s winldti sc ad fg 3t8kea cR T y
Mor e tHwotuT d probably result in higher intracell ul

_1
D

duced fgRHinfeswe oisasmdescribed above, t hat t he
stidine during theifmer $tr adnievilsi d ms twiatt hicrmasteh e |

uld Il ead to a stugegesactAvat i @omghodtotcihssat ben of

necessar yt iwne hfirnamehel, as metabolites or resi o

o < O =

o S5 O

ul d stildl be consumed laugrtohties ntsi meh.atT haea es ynrotth €

me wpoouilndt be costly and could beotRHé nr dd anen fframi

'_\!—"

Further mor e, the disadvantage could result f
ic internneudiegtras ad fi ofnhp]arthtremay it would be ver
nehat Biwhi c h, it is assumed, i[ 6.5 kdiutciean & lolry ,t |
possible that the cells are imbalanced baendveen t
a

-~
- o
—~+ X

re, t herefor e, |l ess fit.

The i ncrreclasbteitvnegRsi m ft i me( FiB@aneu 12d result from t he
of histidine that caused disadvantages in time f
hi stidine as the source of <car bongRdrcd unidt rhcagreen ai
benefit over the wild type because it imported h

of HutTThi s stock of extra histigRHwiet Iciorultdh e etsiurhd
NMZ



2 and, to a | essetri neextfernatme a3l.s oT hwei tehfifne c t may n
frame 3, as the extra supplies of histidhnoe are
genes could also |l ead to a stronger fitness in t

now present in high concentration and can be uti

However, there are also results thehtatartehenatnca cere
MRNA | evbBUupgdIlfsoao provide for increased amounts
responsi ble for therphaeafhiotvngagies.tihf t ket Edt hédes ass
hi stidine as the sole sqguutshowedc derbalpaitaiavtheesist r C
in al/l t hr e(eF i3d.mel hfer ameas on i sh ypdgreonbeasb | ayr et huaptr etghuel
t oo st[r@m]gWey wohuelrdef ore have expectedgREiIi fsi mt ar
decreased fdumess whkeesanghut ©aHsoomeRlerag s na hi gher
fitness than the wild type in timeeftghmmehBas2 and
a |l ower fitness in time frame 1 and a higher fit
not the case either. One possibility is that th
phenot gRHb uotf frootuphegul athugre nefe weltdeer , t hi s hi sti c
should | ead to hplroecgusl.atHuornt hoefr mohree, t he hi sti di
in the medium is relatively high, and al so, t he
to import as much histidine as needed for optim

di sattage for the wild type, whicl FiBg. observed in

Additionall vy, [ should have obsgRHhed ian Itomgegr o
phase than the wild type. However, the differen
mi ni mal and rndé&ti2dsi Yor Ebeant i f the cells can gr
medi um or metabolites from previous growth, as w
cel l numbers should increase. Consequently, the

to be Whamhiem ti me framesc&@l awmldat3ded Tthiee ed @lrle, nu mb
and samples ofretlhadtiivrereendadsay anacrcooshspatrt éanet h

frames. The cel l numbers amongst,wihke meamepsf ofh més
108for time frafherltime72rameddr amdelf®@ame BO Ho
cel l numbers were significantly higher in ti me
The reasons for this can be many and varied, but

do not have morewhubhrnebnhhe tomegr dbwames If rtalmen 2wi(
time frame 3). This means that it is wunlikely th

upregul at hiogRHat oHet T

4. 3. 1H4f 2Bt H

Anot her possi Bl if thawthtdasnd hiandd&ked t h-gPCRBsshbwedf

increased mMRNAUGbIHmREI $i4000.r The deletiomMcoful dhe R
NMT



thereforeial oghesulevietl swodl dHimsHaco wrhradg RHat i ng

f present. This could happen i f REPI Ns start d
40]The REPI N could stall the ribosome which <co
rans|l 40 JjTohre REPtlaN tRs 12 bp hdig.wnistts eraemotfaer edb ol 6,
edad an upr ehguwtl hu t édmnc oodfes f or [teéhBe] Thies thiiddasedas e

~— —

enzyme that catalyzes the formation of bobubcanat
pat hiveg, MDre histidase could result in hwotre uro
gengsds, 101, 1.0 61, h AdOdBe e s1 0a9r]e uypi egueolbatddl ead to
fitness because of hupxtikcwak,edammeniod ¢hme high ¢
[ 72]Addi tionally, the synthesis of too much prot
in reduced fitness. These are the same reasons
t haHi R downr 6gwll aHoiwmegr ewer @ ft ndgRett sthhoeunl d hessonl y
fit in time frame 1 butFi8#so in time frames 2 an

However, anot her phissibpidédguybiafaishigehldBRESR (Nr eRsent .
This is very unlikely because but MRNA FIldds show
Neverthel ess, I owi | explain belowwwhlad meampf e
SBW25. This c¢odlod hlkaxmmpn e Hiisf prlo¢ eBREPhNuURHe mRN
(andche ot herhuwdpesnterseaom t he same transcri pBp agai |
38] Less histidase would result in |l ess degradati
nitrogen that could be gaingRHifsr dmsist .f iTthiisn wad ure

t hree | aftiitvneess assays.

However, it could be that ,bomeati atidwee ratetil
hi stidase has to be syngRHwo uzledd nboetc agursoew oatth earlwi s
on hi dteisdiEne@ nt ualsluyf,f itcherneg ihsi sti dase to catalyz
been continuously .i mproometddRéImo i thdhjeavwel & benef it
wild type because it has high |l evels of intracel
and nitrogenpr dlha bwiydsd oteyepehi st i diine abtuta degirsa daens
This could oRMpbaimorehy it ( Ri3gi mido i&r \mere,s 20r age o
histi d@Rthwoulnd eventual |l syonme pdeeipnte,t eandtff®bm t hat
woul d al shi degdiade at a constant rate. This migh
extended relati(we3g)fi t nedss masdaymwme 3 gRMies retialtl v
hi gher than t hatutofi tt hes wioltd atsy phea gh( BB molrme as i
potential timel &tiidmexREc otfhd bet e@iuald he owi | d type

4. 3. 1. 4. HdRERIr ¥ gRU tadtinedsu t T
These discuss-ianmds domwntr reep udb@dn il winbTyo ft he RERbDN R

that the fitngRHS splderddt yme toft o explain. Of the &
NMY



have fit best with the relatiidMeelli tnesas apsagul
Hutédind i f there was gBH ddvnweevgeul, a ttihengrRediRu Idtos noft t
fit this conclusiongPCTCTRi showethethatet hbea®RPI N d
upregul ation of t hbutgédmdeu tdDEP4gl s Hioovre ve fr , this di
necessarily | ead to a daonwdn rkpogtuditaetiimesk ebsuftt hhe hiut
more | ikely.

The resul t-gPOR hdawe RIThown t hatl eigits biHhi we 1 ydalsiel e la:
Hut(hi stidine transporter) proteingRHr evemesdntt h
cannot be said with hegrhelvetles oofRHtERNA®Rtsyontthagher

protein | evels. 't has alreadyowd @n dowmlemigue cht le
expression, a,n dp rboyb adboliyn galssoo t he protein | evels
t hREPI NcRul d downregetatee Hut Hi s | ocated very cl
gene. There are only 1l1llhukpgemet aeaent hlkebegdnaoi ntgh
RH This means thalhpiltengtwiitrhiwhitdhkr RBPI Ns can
of the correspondooagurgebecaudde st teanREPI N coul d
potenti al IRNIAe algigm @ dtad i on [dAQ]iOmg tthreammd Ihatri (hran d,
as a transcription terminator at the same ti me

terminator would then ensure thaitsl|l a&wsai lodbltde hi

As described above, dioyrmiée&edu INa tsihooru | @df | datdH t o | «

fitness in all ti me framegRband hmeotr edmaltyi vieo fd t dhe
fitness in time {F&gle DRDowrsr edsleavyeaR E BHWNOHIR tdT
probably also |l ead to a decrease in relaRHve filt
has a higher fitness in the subsequent time fran
as t he onl vy car bon and nitrogen sour ce canno
downregul atrbpnt bé& REPITN.

I n the foll owing, | summari ze the hypothesis the
nevertheless indications that this hypothesis is
upregul at ed histidase and hoinsst i d¢ aglRH. t rTahnissp ot & e
di sadvantageous in the first time frame of the
live on residues of the previous medium or stor .
di sadvantage is thatsttimeaser @adiuc ttihoen dtadfssh mhé me t
resources and could also | edhduigeaeshewbicbngl aotc
resources and potentially resokxtcioohbenpratduons
in the | ater time frames it could be advantageou
and a strong haugltocvuast,i oans oaft tthheese | ater time poin
hi stidine has to be relied upon avehe aBl wlre:
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explained, there are a few things that do not fi
type should also be able to import and metabol iz
the relative fitness assays, asrehaticoecenthighi
circumstance that may notghhbemmap/asaslesdo ihsa vteh aat |tohwee
fitness than the Wwullalcugy pies bveaerayuset ndiregly activa
l eads to a | gwetib fet tfmeasmse f20rand 3 of the relatiyv
f oqRH. Anot her point is that it i s not certain
experiment at the beginning of time frame 1 can
previous growth in LB. Like the othed amstumpthe

experi ments.

4. 3. RHbhemotype is epobDlubheonesul t of

Anot her possibility that could theoretically con
gRHevol ves over the course of the fitness assays
2. However, this hypothesis is, for several reas

true.

The first argument agagRHshtadt hmisnihmad d tolpepsaicsy uing t tyl
mutations in the pxeepai éecedd08| dseéubaponl of the cul
1 to start timel dtiiamee s3 afs statye That means the ba
~ 6.64 times until they reached the stationary p
tichert hgse 6. 6dodarvahs gdhnd rewyfufeinaiye mire tt ditéeitvnee s s

offRHi n such an extreme manner that we observed f

Additionally, the mutations that are responsible
same time point within the 6.ifkddpldi vgRdHé dsvnweaf vadhy s
similar rel atirvees uflittinnegs si nv asl nmaelsl, v ar.i aMoiroeno veemaq n ¢
repeateredal a#ftidgvnee ss gRHsnauyl twiptlhe ti mes (two are show
never had a amgrhdear i Mut anhi ons ari se spontaneous
a strles30 f mweatktadiosleey woul d ati kcil fyf eorcecnutr t i me
during bact[elr3i0aTheamreefwdrhe , the new genotypes woul
numbers of divisions |left toespliwadd amengest 1 he
frequencies amongst thilaeseeege pl hermefear e, ihgphl dar i ¢
amongst the gqReélpldiidat esbesérve these expected hig

therefore, reject this hypothesis.

Mor eover, it is highly wunli kerleyl afthiatvhece s Be pmenat y ¢
gRHwoul d onl|l ygREppéeamotnin the wild type or any
This would be only possiblldcatdfsdedheotdledretinotnatoif on
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responsi ble for the fitness phenotype. However,

unknown.

4. 3.2 Fitness phenotypes of other REPI N/ RAYT mut

Alt hdtigbupeidmarily on the most egRH emédri b6i twoe ks a|
yi edalser al other intregledtiitwmeg sfsi hmeived s. hodithhechues st r
REPI Ns doeRhegt eadkdar e not t he same. Thi s Hisdinodt es
t he only REPHUWNtoicrussi,deaftflreect i ng fitness in the me
source of carbbndaaead, nweér ogdREe@x ke ietvéhadtt i ons i n f

from the wild type in one time frame.

I nt er e gRVierxghliyb,i t ed the opposite dRHtnessteeéféctst
fram@Vhad i ncr easseidgn(ibju,tc amddl i n t he second ti me
fitness. Th¥i posnteobpasofn@iisn |tolcaatt eado rdtoemnts.t rR am
i mportant histihdi X&&VWUOr aunpsspporetaenr o f h utthief umicd ti iocha s
unknownhutathdn complasi abesp Rocated betlweednd he hi
the histidimet ™ Haweperteridleopobiet hostotdaRe and t
is exactly the Wpplofsiviee codnstihdaetr otfhlR n dvhiee rfei t ne s
al so exactly the opposi Weddgqpairtdilnegsisongp rtfomeds me ¢ e td h
could possibly be a connection. However, what th

However, it is clear that t heafRA&/CTs fiint S8W2 501dog |
medi um with histidine as the sole source of <carb
no difference in growth compragledtiitvheetsls eswwiglhd ntiyyp
affected by omRAYT, thred stthias nasf,f ect wasmealfsroanihei.m
I n combinati on, the deletion of al | t hred RAYTs
showed no fitmhestshedideleeHahoom eo.f IF we continue t
RAYTs benefit the host in cooperation with REPI
associati ons i nhdulthoee ucso rutnedxetr dfhet deescri bed condit
fitness or growth phenotype for the RAYT deletio
than those used here.

4. 4 Future directions

The results of the work we carried out here op

experiments. These should help to further clarif
fogRHH Th®gPRR showed that the mRNA |l evels increas
RHi gRH. However, this does not yet indamatkutwTth

are al so gRHesletntwowml d therefore be good to al so
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proteins. To investigate translation affection,

to be performed to measure theaamdo®ut Tof protein

Furthermore, as a @®ER,ementtotud dt perRDrm experin
protein such as GFP. GFP coulHi rmet hentwiolddi cteydp a oa
strain with thegRHREPMTNedslhtetingn h( of the GFP sign
under condi tihoutocwiseres talce i ve. The signals of G
mut ant can bellcowmpagedor thevhdehlef miRnat borm a6t

transcription terminator.

|t woul d al so be wuseful to find out whet her t he
histidine at the beginning of the relative fitn

example, storages within the ckitbom bDhethB madt er

were transferred (despite washing). To test this
medi um and then wash it and transfer it to medi
di fference is that thy swittihmeutt hea rMPOo ni sorc onmptlrea gee
without histidine. I mmediately after the transfe
a small fraction on an LB plate. The cell count
next f ew ohocuhresc k whet heccuymoevt ht ltceane condi ti ons
explanation would then be that SBW25 is not depe
frame 1 in the relative fitness assay.

Additionalbeg, i nterweoautlidng to delve into more det
seqguenchki noff uR f il I.i nlgr oim st hfeu nNREHIoM awal kabw t hatl

many ot heRs euwdansdmdaasi ns albsion ctome asaimeR positi on a
However, the sequences of t hese REPI Ns di ffer l
associated with different grreoplpadce RERANISR oQre C
of these straiPRs,| MobdakggRpmtecatedi fferent type o

could balance the fitness | o0oss or Bywidoidugi nigi ¢
could | earn more about the i mportance of the REPF
Anot her aspect that should be further investigat

resul tsfrianmletesaemd 2 during the relative fitness a

appeared that the variance between the individua
in time frame 2. In general, this canTHe ardeasoon e:
for this observation is wuncl ear. One possible e

frame 1 must adapthmeotaandwcaniBouraredBhins t mayeno

al ways happen at the same speed, so the replicat
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The conducted eupsucmesstbuivermphe detnypd yfimrg RAYT |
experiment sconawlcd ede bone i depdt iufsye it as a starti
i nvestigations. One way could be to test the RA
type in microbial phenotBipel qgfgna tseusc hf rao mp | talt ee , ¢ d np
wel | s, and i n eadihf foefr etnth e sgar owe Inlgs ,coh @i tdiidMfser an
bet ween the RAYT deletion strain and the wild ty
carried out in a specific direction, depending o

4.5 Conclusion

We showed by grroeMtditiitvmees e asdays t hlaultoREREBI NS fiercd
t her owt h and fit mHesxd sofpa3SBWzH.l aRulty cautsrr.ond ametsh
affecting the glreuntdndxupg.rfeBsi tomerofexperi ments are
how ex datfif g hBspr essi oandf HHuwlfltH i s eHciadrernite st hoautt R
function independently from the RAYTs.
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Chapter 5 : Evol uti on experi ment t
ofhut D

5.1 I ntroducti on

5.1.1 Unknownhdtulhcti on of

As mentioned in thehpltevunsewissscshauatprtidireasi,ng hhei st i di |

a carbon and nitrogen source. The pathwaeys are
composed fod Kt ietblsaneBHBa cai)l loure Mfzwmat é @se (domomd s

Streptom¥.2leshdtoqgure which the genes for the five
transport, and for regulation are | ocatehB, cons.
fluoreSBwRAYg 65] These three transhcutifput ©Dalnd uni t
hutUXWVH,TWl @ 65] The function of mo st genes i s now

despite the |l ong period of research, there are
functhopnDwhich is upstream of Pa €1 oeBRWZXbnnlsat ed
transcriptionally coupled to the HutC repressor

I't has beenP.sHdwmonSBEWabxhs bits decreased fitness

hi stidinesbartbdeokoteaer bjo@.5]aAdnd oni tirnogoeunr st udi es,
hutrksulted in decreased growth and relative fitn
with histidine as the sole source of carbon and

that HutD acts as a eoxverensosri,lo ng eoefavdirhteihn ¢ oad e@r r e ¢
in high ammonia concentrations, 4hi6csh Hueo DI ¢ olmé d
bind to urocanate and prevent the release of Hu
sit@e5]However, analyses of the crystal structure
i nter medihaupet otvayhbut no mol ecul ar mechpftil838mns of
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A

HutD present

HutD absent

Fi gu8e Hypothesized functi on hoult otwtsD aacd 6dpbtb voechu h BDr i o f

present, it could possibly bind to urocanate. Urocana
of WUWlteocus genes. Aawultovas i oan of htB:Alce ocadmnthrgoltloed he hyp
if HutD is absent, there is no gowvahooust hbtoaaheneatl
unhindered to HutC and thushwugéras.esAuinghtiracinest erde mrce 9§ vy @
of hwitcocus could | ead to a high production of ammoni a
5.1.2 Evolution experiments

One way to find out more about the function of
Evolution experiments are designed to incubate
certain medi um. Each medium and genet yhdes mxlelr tsa
of the grown culture is repeatedly t rwaintshf etrired

increasing number of genaeardatpitarnd onfs tthoe tphoep uealti iu

conditions are expected. Thegmut atdtapnhat iimnst haer eg
Mut ations occur randomll@Ofamodsmerotmupampaes e¢fhalt!| yhave
over other genotypes prevail and 1f3dr]Gre nfortaycptei so ncsa

al so be ,taredpme. ea0BompoaepppBll Hoiwewer, they cze
be | ost because they are disp[lllaXxle]®v bdy Oitmer ot r
generations of the populations, the fitness of

adaptations to the enviropth&8d] caused by the mut

Depending on the initial situation of the experi
pat hways through the adaptations or mutations. H
experiments. One point of crihecceimtofesoohdekpe
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the same for a | ong period of ti me, is that the
[ 131]

Probabl y-ktntbevnbesitch evol uti on -tex pe reivioe nutt iiomn telke
which has been conducted under {h82jJdwekeévtcioon of

cultures are cul-tiwmated mhniamall usalses medi um an

transferred to fr gslh3 1ngy i Ailung uesvter 30 2d4a,y over 80, O0C
been generated (accordi Alg etea oXgf)f.r efyh i Ba rerxipoek i anre
better wunderstand evolution a[nd3lajilaetael @thi v @ fCie
a population compaféeedrtéO0i 0860ageastati ognls3lWas aj
After only 2000 generations however, the relatiyv
about][] 13BThis also shows that the relative fitne
such evolution experiments and i nclr3elajlses mor e an
Evolution experiments hawve &l so03BW2E25,nevwalrird e dh aowd
to importantrécedingvsol uhi an experiamendt mua ahit t m
spherical form coul d -bleaped | fverdm bwictkhitro a0 O dger
fitness coul[dl3b3e]Amrcksitmr ad somewhat di fferPent eva
fluor eSBW2S he evolution of evol vablill3id]ly ncomwl &
experiment, |ines were selected that coul834puick
The ability for adaptive evolution ¢dB8M4d be acce

5.1.3 Desipgutedvfoltuhte on experi ment
To nvestigate huteDwarncdaambwmetwdduti owi ek pR.orifmewmdr es
SBW2&g ut D The aim was to | earmutebDbbpoatugh heormpercg at

mut ations that we expected would arhstgzoeemwatshe
del et ed. ffrloumoSBEWX>and adGFPiwaal i gytroduced into
mScarl et into another. This allowed the strains
assays. Thes aght vaF Ps tarhaditmdS8 ¢ ayweerte t hus the ancest
strains were plated on LB plate)an@enncobanies f
strain were patkddfand2édnbuin | iquid LBsearewddadi m.

e

as th starthegepointsohoexperiments (TO). The t

experiment grew in M9 medium with histidine as t

Remi nder : I nghtuhthh s mads umongl yr erleatitaicveali @ € & tynmpaels s

As a reference value, wgeghuttifDo&kmtdhree refi adunvweowntme
assays. This was 0.73 compar edmhtuthlatshe wWi7l do tryepdel.c
fitness compared to the wild typeéhedl &BN2Bbom ann

nitrogenghs ol ctehher ef ore exposed to strong select
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The cultures were incubated for 48 h at 28 AC a
was transferred to fresh medium of the same comj
ti mes for al | 20 cul tures. Due toacthha rBb/inkG®&rdil
10046.64 generations were generated with each tr
generations were generated after approxi mately 3
fitness peshypwimael all 2Dnpopdéntfiooaolanegreeniantei teh e
fitness of popul ations compared to the ancestor
rapidly gain relative fitness due to the high s
conclusions to be dr aawrnwiablodutb d hree Sponrcdii mlne offor
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Fi gude Design of the evol:Boiomhexpeoil meéenghutOr@er i mer
ancesghan@ P ahdtniscarl et from glycerol stock were plat

Ten individual colonies of both strains were transfer
starting cultures (TOG10U o(ddrhiev epdo pfurbpgem tiGdhPe ddrhede sM 1o r
M10 (der ighadnBSaeaorm et ) . The 20 populations were then

medi um with histidine as sole carbon and nitrogen sol
fresh medium of the sadeneompons3tibmandhéesswa6lycerol
gular intervals (TO, T8, T16, T24, T31) . This corr e
these transfers of 0, 50, IBRel andveOoDi greeves at e d
rformed with the starting point (TO0O), the intermed,:
e evolution experi ment (T31) . The populations from
ceghotndbScarl et , grew indeplkaidrgpt tgmbhinnddB ibrefd?,e whe
rvaesd t he sole carbon and nitrogen source. At the &en
ch strain in the population was determined in the
ansferred to fresh medium amiposctbanedfaddaien cfudrt u
termined again using a flow cytometer (T1) . The re
i hhsthe evolution experiment can pepuahbatuobfartoend mp o s ir
me point O (TO) to time point 1 (T1).

_‘
(0]

DT o T 0o nw o +T
T o o~ 9 ® 5 5 ®d® O

2 Resul ts

5.
5. 2hultniut ants increase in fitness over ti me
ghutedxhi bits | ower fitnéessfililhobadRWhnwidmrd ttlyggebadam
gr

ow i n medi um wi t h histidine as the sole car b

evolution exgeutiadnantmewistuhm ed the relative fitne:
mul tiple time points. |t was expected that the r
significantly. I't was expected that mutations w
be iidfeinetd by sequencing. The identity ofthéde mut
f unc o fHurt D. Wer ¢ henefoduced either GRRdEOIret m$lic ar
SBW25 and tracked the fitness of 20 popul ation
approxi mately 2083)g.enfetr atthieo nsst a(rRi,aofft etrh e egxepneerriant e
the relative fitness of the 20 populations was m
were then repeataepdpraotx i bnbatt ged wat at ioébns up to gene
evolved popul ations werevotlevsetdegis it d@EifPnrsagindit Be not
mSarl et . I n order to better compare the extent
popul ations has increased, a relative fitness me
fitness of the wiHuwWtCGFPpahd inMBsETBWI 2Rttt o

As expected, the populations show no maghot Dchang
GFP ahdtniscarl et at the beginning of the experir
expected, as there was no time for amtiancoe@aseéeoi

relati vBofeowess this test after 0 generations w
carrying the mar kertsow@RRrand hmS parpludta.t i ons di d
same relative fit mgdes s FPs ahidentBmearelsato.r sB@amlkee &GF P
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popul ations had a slightly higher fitness at tim
mScamaetked popul ations had a slightly |l ower rel
ancestor. The fact that strains mal@edvei fht GEB S|
t o mSemarrlkeetd strains has also been observed prev
due to the different | abeling with GFP or mScarl

on relative fitness.

After about 50 generations, the relative fitness
of populations. Only in a few populations was it
After about 100 generations, the relative fitne
applies to all 10 populations marked with mScart

generations was on average 1. 16t.hd ngepwlsatiingd s/, m
with GFP had not increased in al/l popul ations a°
relative fitness. Across al l 20 popul ations, tt

generations.

After around 150 generations, the relative fitne
as expected. The average relative fitness of the
there were considerable diff eragn wess . b etowe eenx atnpd
relative fitness of population G4 at this time w
20 popul ations. Popul ation M3 had a relative fit
popul ations. A totahi gieb polpat at é ofnist w@ass aeadmp a
ghutsDrain than the wild type o-fv8Bddauk DnhTahdi sc owrapsa r
measured in another experiment and amodint edt Ity !

compared with the othan valduesatibn ofi hbwpmaoaehdt

of the populations has increased.
I nterestingly, the relative fitness of the 20 po
generations, i.e. after a total of approx. 200 g

the relative fitness val uarse fcoon stihdee riendd,i vfiodru anha ng
the values are even | ower than after 150 generat
it was expected that the relative fitness would
the experi menetl adri viehdti tinfeessr woul d stop increasi
remain at the same fitness | evel. However, it wa
popul ations would fal/l again after an indmease.
popul ation M5 with a value of 1.80. This was al s
in the entire experiment. The | owest wvalwue for a

measured for population G8 and amounted to 1.12.
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Overall, it can be stated that the relative fitn

after 150 or 200 generations.
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G1 G2 G3 G4 G5 G G7 G8 GOY G10 M1 M2 M3 M4 M5 M6 M7 M8 M9 M10
Population
Generation © 0 &4 50 @ 100 ¢ 150 w 200

Figud3e Relative fi thnueepbspaf a@iheh@e®dd elewtp®pd!| @t i ons show
increasing fitness over the course of the experi ment

for all popul ations fr oo gmeaeswartd orne |1bt0i vae ft ihten ¢ s e sE|
i ntroducheudt D Thetno ps@pul ati ons wer-&81lDabahddtent Wi-GRPmMEGa
M10JThe solid line indicates the rel aévekvéuddDereasisn of t

which was 1. 38. eNihndipepulhatgihems fpiet da sds ctohrepbra r-tehden tvoi |
ev ol vheudtaDeet e r 150 or A0 0 egve fdrtanteissnsv.al ues of some poyf
determined and are therefore missing.

5.2.2 ldentification ghfutpbugwltdtoinens n evol ved

After ghbep»2pO0ul| ati ons hagpd reovxolnvaetde Ifyor62 days or 20

relative fitness of al most al |li nponpeudiautm owist hh ahd sit
the sole source of carbon and nitrogen. Next, t
sequenucseidid umi em@ahnol Agyer sequencing, t he reads
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tri mmomadi enut ati ons were identified using brese
and anal ygeaitnhemdtihaghtf uinmtt o on of HutD. We expect
high relative fitness would contain mutations wi
frequency at which a mutation was considered an
This al |lwevmedi nsgeqgerrors and artifacts to be excl
subpopul ations awet dbegxal eidgunhilfiikceanyt Ityo ismpact t he
of the entire population due to their rarity

For most of the 20 populations, one or two mutat
identified for five of the 20 popul ations. One |
popul ations had a frequency of iloensss wehraen plad t %.c

prominent in two aredd}. oOnthédegenembéa@li gmut at i
fleg@ne in 8 populations. I n four pvospuup @af dns,
speci fiincwthednds sgcenes. However, a total of six f
identified in six different popul ations. These
individual mut ations and their probable effects

i ndi vmudtuaatli ons tabsl & ilsted in

38 dlelelelz|e|els|elels
fleQ !
WSS .
REPIN
other .

Figut4bkdenti fied mutationhsutplbptuhafTh@ngvdllvwedd faeel ds rev
of the 20huetplbbpubkbdt eons we identified mutfaltd Qwses wi t h a
oper on, a REPIN deletion or inside another dgdred It [
andsgenes.

5.2.2.1 Mbtae®Qions in

The gene most frequentl yl afQhemutealt bgn miub att h ios sg evl
8 times in the populations G3, G4, G5, G6;: G7, G

synonymous, and two mutations resuwjte@ihenmat atr ea

had very different frequencies within the popul :

no-aynonymous niutéaQQk eolnysFrien um ot i@marrying out its f
a | esser Hxwewdr, FIl eQ i s ai smaismhppar traengtul fadror f laa
expr estshieonexpression of adhesins, anothessigkelhg sa

[13dAB7]As agPfkesofl &csacnenmost f or m ffll aeg@ed | ias own jpt bhdobu, t
137]1t al soPasrewthemdriaad i ke the wild typesllecacmaot

=2
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t herefore, be assumed that the subpopul ation wi

very | i kely unable to move and is also inhibited

There is no correlation between the frequency ¢
popul ations. This meawmd ht mathitgtherpdpwrlqaufeine®s o f

did not awtaoarahtiighdrl yrel ative fitness. This may
mut ations had different effects on the function
mutations also have an effect on relatiwnheé efQitnes
accompanied by anot lwersEmg s 8tlitoni si nnoeti tphoesrsi bl e t
the proportion of Dbacteria is thatRecgaarrrdyl etscst, h tr
second mut atitdre caen adfifvecti itt mneass dMutthe opsp wl & h
of |l ess than 10 %, which therefore remain undet

t o some extent.

5.2.2.2 Mutwsseperrson n t he
Anot her striking feature of the analysis of mut e

mut ati owsespettde was found in four popul atdions. I
synonymous wmgstBiatonl éch to a premapwlraetistmp MbdoM:
M4, -spynonymous mutations i n wssE pwermmatiud en tsitfoipe d
The mutations had very different frequewssBs fro
angssgErobably resulted in the corresponding gene:
proteins are cellulose synthase subunits and be
wWssBH[ 59]These genes are responsi bd ekeeopotlt gemepr ¢«
[ 59]This pol ynmerryciianl tfuarn,f cdrsming biofilms and t
surf da&683The frequency wbeometrani orss aill 3ot met prop
relative fitness of the population as afwhrd e. T
As ther e, this may also be related to other mu t
mut ati omwsw®mperbe also occurs simul tfdmredduwms M4, witthhe
mut ati owsepetbhbe occurs together with a synonymol
in M1, the musteapteiroonn idno etshenot @aouthetrognat aern owi tt
a frequency of more than 10 % in the popul ation.
with a frequency of | ess than 10 % have occurrec

influence the reliate veopultamteisen.of the ent

5.2.2.3 Other mutations
Al t hough the mstepteir @nfsl ssr@r € hteh e mo sott hperro mmunteantti,or

al ®ccurred in the 28 poyprnudmrYmMowns . o BoACt@Lornr eidn at
frequency%.ofTHi3s 5Was the only mutation detected

rel ati ve fitness of 1. 18. Thi s rel ative fitnes
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popu
gene

si de

Anot
syno
a ro
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her mut ation occurred in G10 in PFLU 4201 w
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In M4, a synonymous mutation occurred in the gen
A nsywnonymous muwaspemnmwsishfE aheo occurred in the s
(as discussed above). The function of PFLU_328¢
popul ati on wvaapsprlo.x2dbadtfegleyner ati ons.
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resting that this appeared to bedaccompamive
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taken. To this end, the time point in the
st iFpat etdhi s investigation, a PCR of the <co
or med, which contains tdhet yYREAPASN sTehgiuse nRE@R i w

ormed onPt hfel aoScBeV82t5emnsScar |l et, and the popul e

ts TO (starting popul ati onef girtatnhsef eervso)l,u tTi lo6n,
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esponding REPIN and that it was deleted in t
ver, gel electrophoresis of the PCR sampl es

di fferent time points showed that the corre:
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popul ation M9 at the time poind5)T0 Hoawedv earl,| tfhuer t
was stil!l present in the ancestor. FPr.omh | tuloir &,s cietn
SBW25 mScarl et that was picked and from which t
REPI N. The deletion of REPIN must therefore have
on the LB plate. The increase in red attd vtehd idealee
of the REPI N.
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Mut ati ons

i n gt tgpboPpU | eavt d lomesd a s

we | |

as

their

fro

aro

fitness of the populations &ffternapperoki dB200Bhgaeger afhl
change, RF = relative fitness of population after
Popul a Gene Positi NT AA Fre RF
Gl pvsA 4,842,1 TYG Q3877 13.%! 1. 1¢
G2 - - - - - 1.1°
G3 fleQ 4,907, 4 GYA R363C 22. ( 1. 21
G4 ws s B 329, 68 CYT Q467* 33. 0 1. 3.
fleQ 4,908, 4 GYA Q41* 10.:
G5 fleQ 4,907, & GYA A226V 78. 1. 3.
G6 fleQ 4,907, 7 GYA R260C 82. ¢ 1. 4.
G7 fleQ 4,907, 1 plbp K477Nf 20. ¢ 1. 5.
G8 fleQ 4,907, & GYA A222vVvV 12. . 1. 1.
G9 - - - - - 1. 214
G10 PFLU_ 4 4,644, GYC T160T 10. 1. 2:
M1 ws s E 337,14 @lbp G68Afs 70.: 1. 3«
M2 ws s E 336,21 @lbp A760Rf 12.¢! 1. 3.
fleQ 4,907, 4 TYG H376P 78. ¢
M3 PFLU_S3 4,046, € AYC E168D 13. ¢ 1. 2!
M4 ws s E 337,46 CYG Y1174 13. ¢ 1. 21
PFLU_ 3 3,634, ¢ AYC G29G 11.°¢
M5 - - - - - 1. 81
M 6 fleQ 4,908, 3 + A L70F 29. ¢ 1. 41
M7 PFLU_ 3 4,048, 7 AYG T68A 32. 1. 3:
M8 - - - - - 1. 4.
M9 REPI N 3,638, 1 p86p - 99.¢ 1. 5°
3,638, 1¢
M1O0 - - - - - 1. 2°




DNA neg. DNA
Ladder @nNc- TO T8 T16 T24 T31 Gn.  Ladior

g
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3000 bp

Figube Gel electrophoresis picture of PCR to verify t
points of the evollbhei bandxpéritmentancestor (anc.) sho
the presence of the REPIN of 334 bp. The bands at tim
REPI N was no |l onger present at a band sizegof c®248)bp
contained no band. The DNAE DAAdeanddsesedMivas (EBheaeRal Sci
% agarose gel V)25 min at 120

5.3 Discussion
Thbeultocuk. ifnl uoSBEWX2 nsonsi sts of 13 genes in thre
serve to make the amino acid histidi[n&b5]JaDveasipliatbel e

the progress that has been made to elucidate the
ofhutremains wunclear. What ihsutkDeawss it@niafhiaccanthel o
fitnePss filluoSEBWZ® nisn medium with histidine as th
source (own da“j 6f5]OmeChgpoehesis is that HutD F
by binding urocahaltec s)ndiutc bputteoda gathgeenhbe f-rom bei
activated, which coul d | e(@Hi4dgl.p6.53 JoTxhirco ulgéhv ealns eovfo |
experiment withogoOt pPwpuwantedstof obtain infor mat
ohut(Fi g.. M™RI)s was to be done by analyzing the ex
an expected fitness increase of the popul ations
with histidine as the only source of cardmomn and
incubation in fresh medi um. Approximately 200 ¢
fitness of the eompaueddpoputbeianevolved ancesto
50 genefRhitg.on®Be rel ative fit newaosl wednparrceeds ttor tihn
strongl vy, especially after 150 and 200 generati
wild type compav @l|dghdudaDt chees tnoorn i n s dnrd gpo giBl)ati0on
N=T



popul ations were sequenced after the approxi mali

frequency of more than 10 % were identified with

S .

3.

1 Rel ative f i tonetpo pafl attheo nesvol ved

It

was expedtedt ¢ htahe hi g haghsuetlDe citni can nperdei susmu rwe t ohf

the souece of carbonagantgboput abgens wbald gain
relatively quickly. This was also the <case. Th
averaged 1.10, after 150 generatioi@f&i 4. dBhiasnd
corresponds to an iagpreasi&aifeddyh e¥Wanaf bas. Thi s
approximately to the fitnesass aplvwdimt atghee trheadi unh ew
hi stidine as the only carbon and nitrogen sour ceEe
whi ch was used as a reference value. However, i
bet ween the 20 popul atiPars ewasmplee,y pdapuleateindan (
relative fitness among the ,pioph laltdl 2prop ud fatt @ ro n2 MbB
the higheswitimcte&B8e |t was expected that the
popul atfiteers only 200 generations could bendery di
the type of mutation as wel/l as the timing have
can ac[hli 3>W]en the populations with comparatively
mutation has yet occurred that can contribute to
has already occurred but only a fewtigmemeunmti lonit
di splaced by selection of otfhecrgasbphgpes opmaki
popul ation and thus contributing more strongly t
However, it is interesting to note that the aver
gener altSibonmasnd sa2n@opuhati ons, relative (Ftogesd43hac
There may be several reasons for this. On the o1
relative fitness tests, samples or materials wer
replicate was measured f or e arcehc opgonpiuzleadt i corn, b aolua
other replicates.scAmowhyrt lpeosrsélbdtei veeaf i tness wa
average after 200 generations than after 150 ge
stadds81This -t &er wageof increasing relative fit)
individual mutations initially havdg 18 13%Tthricsngc ainn:
result from cl;@anabeniedti erifadr emuwcteat i on can al so
mut at[ilohilsDuri ng a phase in which fitness does no
a shor[tl 3liewever, this should mainly occur i f &
However, this is not the case in one of the 20
popul ation M9, t here were nothiexedtmtti atnhi ovaS, nat
of the evolution experiment as described.
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rmining relative fitness, the evolved popul ¢

r 50 % consists of the ancesits ameassuraed. agali

2 Il dentified mutations and their significanc

On a
no-av
expe
rang

resp

The
f ew

i c
t

-~ - O

u
w
w
ne

i n

o - o ® o = -~

ag
re
he
it

=]

many
mo v e
evol
s hak
me d i
popu
savi

and

rm

verage, the 20 populations were able to sho\
ol ved ahueshttrrailn afitman2®@@ pgerer ations in th
riimabt THe relative fitness between the indi
ed from 1.12 to 1.80. By identifying compe

onsi bl e for t hhiasd fainttniecsisp a tnecdr tehaiesnefl, u nhgattcDo m e o f ¢

most frequent mut &t e@ruswseper odenThéredwene
mut ations in other QgettBAism.notA bpeo sdseidbulcee df uf nrcotm
an be assumed that the mutations in these ge
Dbut rather to adapt to the generlalexplndgini
I ar rdovrec lrauts iAdhli si dent iffli @@ r entstyanoing rasn wis na
resulted in premature stop codons. Iftl edQan, t
s aemcode functional FIl eQ proteins. FIl eQ i s
gs important for [flldayge]l Wiatth @etn d | eopg &BsE@RinG N
flagell al[dB86, PLd37WhmodeWE= nlsas an average of
el | a 1ptelrl]Flcaeglell | a enabl e bacteria to move an
ctions that offer bet[tledR.]Jc & b ocnaens otehnusse sc, o If corr
rhi zospmere effplantvel y ftlhaagelldBdLarst gl a bk isn @
ially sounds | Hoeveaedisatheastagetureand t he
protei ns[ 1a4r2e,. i184ydnjt iedi zing these proteins
me nt of the f liamgtedd sidvadUendeer ¥y heostul t ure <cor
ution experiment, these costs can be saved.
en. Al nutrients and the bacteria themselyv
um. Thereforte, regummedg TBenboss of the func
l ations in the etvhoelluetfdootn®, eax pled s sneaft t he f | ac
ng of energetic costs. This genotype thus ha

was therefore able to spread.



However, the mut atifdomrefutl datal soc brer eedk pilmi ned by

FI eQ. FI eQ regulates not only flagella formati ol
f or matlido6n]Fl eQ i s a regul at ore gaoflwsfhddEglRl,6 ]Wshs EE hi s nha
cellulose synthase subunit avis -t orgeestphoenrs i Wil eh f @

production-lafkecgloll ylMnexleA6CdRscri bed above, this |
for the formftbiBdml @e® iibs odli 4 oaschh e kigmPadod 1BHEIJAhe

Wit houtP.FIfd Q,ofrcersesensuch | ess of these adhesins,

| ess able to[][1®dbMabiofbialcmseri a ,aad tdoaim bhiasf inla
advantages f o[rl4 héentatbd cetsertihaem t o cooperate mor e
themselves moaggaiedfdtecpd &dadIrthcerys are al so better p
antibiohost iamohune[ IrdefadThhe oher mati on of bi of il ms

i mport ahf.c ef I[fuoarr escens

I nterestingly, not only pdgdpEpuWatti oasve wanmn hefaf emnutt ¢
production were identified, but al so othen mut at
synonymous mutwaststcens wekErehelwbéecheds al so regul at

a further popul ati esny,ndrhyemoeu swamsuwadsgemra, innvhti tcen, |

wssSE encade®!| | ul ose synt hase subuni t and i s t he
f or matsi%]n n addition,, itnheonee waosp ual amuitoant i on i n tF
which is probably important for[ % h]elT hprso dnucttaito no nc
a synonymous mutation. However, synonymous mut at
as these mutations can, for exampl e, influence t

procelss48]

So there were a striking number of mutations 1in
The mut atlie@s him the wss operon, and in PFLU_42
ability to form biofil ms,osdar ctohmpd edbkeillyi.t Whmady wlo
di sadvanPR.agfel U aBreWZ% nisn ot her environments coul d
setup of the evolution experiment. As described
cultures in the evolution experiment were const
evenilygtrdi buted in the medi um. | nc oaud ddi thieo np, r endoa t oot
antibiotics were introduced. Biofilms are there
environment . The | oss of the ability to form bi
costs of protein, CLP,ouandd baed hseasviends. pr oducti on <c

The fact that many populations had a mutation t

suggests that it was very easy (by mutation) to

The fact thatl|l em@t at pams i cohay |l e fdeguent the sin

di sruption of flagella and biofilmMhypsodaumrce i mmt &ty
NOM



a gene could save costs in two processes and t
probably also an explanation for whwumc@ uclodnpbeen s a
identi fiedhutTfBuencltososn ocfannot simply be compensat
another gene. Several mutatamassiamee pmotbatil gnnea
it woul d probably take 200 memerthaonappednir ma t
mut ati ons f &wutctohuel dl obses oobfs ersrtesd .t Wahti st ar gfgenct i o
compl ex and thereforefominrhatn bae fceommpemseatagdad ons.

in other evolution experiments, more complex gen

often only arise after naln3yl]Jt housands of generat

5.4 Future directions

To obtain compensatoryhutabhatt mnws Ffeoar nh habdodotsst loé
the evolution experiment would |ikely neelcheto b
approx. 200 generations or 31 transfers or 62 da

Hut D may be too complex to be compensated for by

Alternatively, a differebetapproadlerdaoaahdi pen pur
For example, a transcription analysiPs ¢dobwlod ebe emn
andhutwibul d be grown in medium with histidine as
The RNA would then be isolated and analyzed by
expression betweemhuttcebuwidl dortowpaearrd ues as to w
has.

5.5 Concl usi on

The aim of an evolugiaon éxpgéehmomareixtpdad ntead funct |
For dqhhuitelas cultivated iapRroypi2madl elteynematfioms i n
with histidine as the sole carbon and nitrogen s
woul d increase,rahnatitwalty mguaiadck dopn st hced oipdBsgshad fi n g

be responsible for t his. Rel ative fitness incre
degrees. I n the pogpadiangone, tmet aosenofl fl agell
bi ofil ms were identified. These mutations were
conditions. No compensat ouycnutda thieo nisd efnotri ftiheed .1 ©

that HutD has a complex function that cannot be
the evolution experiment would have to be conti
experiments such asnadggse sexwpuéssihave to be carr

the function of Hut D.
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